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Preface 


The purpose of this book remains the same as that of the first 
edition—to present the essential fundamentals of heating, ventilating, 
and air conditioning. The material included is sufficient for under¬ 
graduate courses in the subject, as usually given for students in archi¬ 
tecture, architectural engineering, and mechanical engineering. 

Heating and air-conditioning methods are in a changing state of 
development. The fundamentals of the fields remain practically the 
same as those given in the first edition, but methods of application and 
the equipment available have changed during the past few years. 
''Phe field of endeavor is now in a further state of development with 
many investigations and much research in progress. Great care has 
been taken to include in the material of this book the latest and most 
authentic data known at the time of its preparation which are readily 
applicable to the problems of the field. 

Along with the applicable theory, examples of typical calculations 
have been included where they add clarity to the presentations. 
Representative commercial equipment has been illustrated and 
described; sufficient data pertaining to part of it arc included so that a 
student may do some design work as part of his training. 

Appreciation of the cooperation received from the manufacturers 
whose equipment is illustrated is hereby expressed. The permission 
granted by various individuals and organizations to use data developed 
and prepared by them has been of great assistance, and the right to 
use such material and its source have been indicated in all cases. 

W. H. S. 

J. R. F. 

Urbana, Illinois 

April 1949 
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CHAPTER 1 


ESSENTIAL DEFINITIONS, LAWS, AND PROPERTIES OF 
VARIOUS MEDIA 

1. Heating. Losses of heat from an enclosed space may require 
the artificial maintenance of the air temperature within the enclosure 
at a value necessary either for the production of human comfort or 
for other reasons. The mere introduction of a sufficient quantity 
of heat into a building space may not produce either the comfortable, 
the necessary, or the desirable inside air temperatures when the out¬ 
side weather conditions make such action imperative. 

The problems of heating include: (1) the estimation of the load, (2) 
the procurement of heat from some source, (3) the selection of a medium 
to serve as a carrier of heat, (4) the conveyance of the heat-carrying 
medium to the proper locations by means of a feasible system, (5) 
satisfactory and successful distribution of the heat within the space to 
be heated, (6) regulation of the heat supply and air temperatures by 
various means, (7) the maintenance of the cycles of operation in the 
different phases of the system chosen, and (8) the reduction of unavoid¬ 
able losses of heat to a feasible minimum. 

2. Ventilation. In order to produce and to maintain either health¬ 
ful, comfortable, or the necessary air conditions within a structure it 
may be necessary to introduce into and remove from the spaces of the 
building a definite amount of air per unit of time. This change of air, 
which can be accomplished by either natural or mechanical means, is 
termed ventilation. The air supplied may or may not be processed to 
improve its physical and chemical properties. The most successful 
and satisfactory systems of ventilation embody a part or all of the 
features of air conditioning. 

3. Air Conditioning. The required treatment of, and the handling 
of air to produce, an atmospheric environment either conducive to 
human comfort or essential to the processing of materials in manufac¬ 
turing operations is termed air conditioning. These two phases, com¬ 
fort and industrial air conditioning, involve both summer and winter 
operation of plants for their production. 

Atmospheric environment is affected more or less by a number of 
factors. Items included in appraising air are: its temperature, 
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humidity (moisture content), motion, distribution, dust, bacteria, 
odors, toxic gases, and ionization. Air conditioning maintains simul¬ 
taneous control of at least the first three items and preferably of all 
the factors mentioned. The function of an air-conditioning plant is 
to provide and to distribute air having satisfactory temperature, 
humidity, movement, and purity. 

Winter treatment of air for comfort includes heating; humidifica¬ 
tion; cleaning, i.e., the removal of dust, dirt, smoke, fog, and bacteria 
by various means; sterilization; the absorption of odorous materials; 
and the dilution with clean fresh outside air either to reduce odor 
intensities or to minimize the dangers from toxic gases or both. The 
distribution of the air must be uniform with gentle motion in all parts 
of the occupied zone so that a sensation of comfort is produced for 
the greatest number of individuals. Summer air conditioning for 
comfort differs from winter conditioning in that the air is cooled and 
dehumidified. 

Industrial air conditioning is often required during the storage of 
materials and products; it is often a necessity during some of the 
manufacturing operations of the following industries: brewing, chem¬ 
icals and drugs, engines, electrical products, foods, furs, glass, precision 
instruments, machine shops, paints, petroleum products, paper, 
photographic materials, printing, rubber goods, steel, textiles, and 
tobacco in the form of cigarettes, cigars, and other materials. Proper 
air temperature, humidity, and cleanliness are of ex¬ 
treme importance in a number of the foregoing opera¬ 
tions; otherwise the materials cannot be handled, or 
else the finished products arc inferior or worthless. 
Industrial air conditioning frequently, but not always, 
produces comfort conditions for the workers employed. 

4. Absolute Pressure. Fluids such as gases, 
liquids, steam, and vapors exert a force per unit of 
area upon the surfaces of their confining holders. Such 
a force, or the sum of such forces when two or more 
fluids are involved, is termed pressure. All measure¬ 
ments made by the use of ordinary pressure and 
vacuum gages are indications of the difference in pres¬ 
sure either above or below that of the atmosphere 
IK surrounding the gage. Atmospheric pressures are 

curia arometer. measured by some form of a barometer. Fig. 

1, which indicates the height, x, of a mercury column that exerts the 
same unit force at its base. 

The standard barometric pressure, the average air pressure at sea 
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level and 45° north latitude, is the unit pressure exerted by a column 
of mercury 29.921 in. in height which the sea-level atmosphere will 
support when the mercury is at a temperature of 32 F. Pure mercury 
at a temperature of 32 F weighs 0.4912 lb per cu in.; therefore the unit 
pressure represented by the standard barometric mercury column is 
29.921 X 0.4912 = 14.696 psi (lb per sq in.). 

The barometric pressure varies with the altitude and weather con¬ 
ditions. The algebraic sum of the gage reading and the barometric 
pressure, both being expressed in the same units, ecpials the absolute 
pressure, 

5. Energy, Work, and Power. The ability to overcome resistance 
and thereby the capacity for doing work is termed energy. C'ommon 
forms of energy are heat, mechanical, electrical, and chemical. Energy 
can be neither created nor destroyed, but its form can be changed under 
proper conditions. The common unit of heat energy is the British 
thermal unit, Btu, That of mecdianical energy is the foot-pound; it 
represents the ability to lift a weight of one pound through a vert ical 
distance of one foot. Kinetic energy is derived from the motion of a 
body. Potential energy accrues from the position of a body or parts of a 
body with respect to another or other bodies when either a force or 
forces tend to change the relative positions. Internal energy, as pos¬ 
sessed by a substance, represents the sum of the kinetic and potential 
energies due to the motions and relative positions of its molecules with 
respect to each other. 

Work results when a force acting through a distance overcomes a 
resistance. The unit of work is the foot-pound; it represents the action 
of a force of one pound through a distance of one foot. Work is inde¬ 
pendent of the time required for its accomplishment. 

Power defines the rate at which work is done. Thus the mechanical 
horsepower represents the completion of 33,000 ft-lb of work in a period 
of one minute. The unit of electrical power is the watt. In non-induc¬ 
tive electrical circuits the product of the amperes of current flowing and 
the volts (electrical pressure) impressed represents watts. A mechan¬ 
ical horsepower is equivalent to 746 watts. A kilowatt is 1000 watts 
and is equal to 1.34 hp. 

6. Heat. Irrespective of its physical condition any material pos¬ 
sessing heat has its molecules in motion. This molecular motion 
increases with further heating and decreases as cooling occurs. There¬ 
fore heat is a form of molecular energy which may be produced by 
combustion of a fuel, friction, chemical action, and the resistance 
offered to the flow of electricity in a circuit. 

Heat which produces a change of temperature (thermal head) in a 
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body is known as sensible heat; that which is necessary to produce a 
change of state of a material at a constant temperature is known as 
latent heat. Latent heat has two forms: heat of fusion when a material 
passes from a solid to a liquid condition at a constant melting tempera¬ 
ture and heat of evaporation when passage from a licpiid to a vaporous 
state occurs under the existent conditions. 

The amount of heat energy possessed by different substances at a 
given temperature varies with the material, its quantity, and its tem¬ 
perature. The basis of reckoning may be above any fixed reference 
point. The change in the amount of sensible heat of a body is depend¬ 
ent upon the weight of the substance involved, its thermal capacity 
(specific heat), and the temperature change. Heats of fusion and also 
heats of evaporation vary with the material and with the temperatures 
and pressures involved. 

7. Temperature. Heat flows from a region of a higher temperature 
to one of a lower thermal head. Temperature alone does not indicate 
the quantity of heat involved, but it does give a measure of heat 
intensity and the ability of a body to transmit heat to other bodies. 

Heating and air-conditioning temperature 
measurements may be made by glass thermom¬ 
eters, thermocouples, or pyrometers which may 
be calibrated in terms of either degrees Fahren¬ 
heit or degrees centigrade. Figure 2 shows a 
comparison of the scales of Fahrenheit and 
centigrade thermometers and the markings at 
the freezing and boiling points of pure water 
under atmospheric pressure at sea level. The 
fundamental range of the more commonly used 
Fahrenheit thermometer is 212 — 32 = 180 
deg, and that of the centigrade thermometer is 
100 — 0 = 100 deg. Therefore each degree 
centigrade is equal to % deg F, and each degree 
Fahrenheit is equal to ^ deg C. On the basis of 
the markings of 32 F and 0 C at the freezing point of pure water the 
conversions from one scale to another are 

tF = lto + 32 ( 1 ) 

and 

/c = ” (If — 32) 


212 



Fig. 2. Thermometer 
scales. 


(2) 
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8. Absolute Temperature. The total temperature as reckoned 
above a point known as the absolute zero of temperature is designated 
as the absolute temperature. Heat energy is lacking in a material at 
the absolute zero of temperature. 

Experiments with the so-called perfect gases indicate that the volume 
changes of the gases, under constant pressure, when heated from 32 to 
33 F and when cooled from 32 to 31 F amount to 1/491.6 of the original 
volume. If the change is uniform to the lowest temperatures the 
volume of a gas would become zero at 491.6 deg below 32 F. As all 
reckonings are made above and below the zero of the thermometer 
scale the absolute zero of the Fahrenheit scale is 32 — 491.6 = —459.6 
F. For most practical purposes a value of — 460 may be used. When 
the absolute temperature is designated T and the temperature as 
indicated by a Fahrenheit thermometer is t the absolute temperature 
is expressed as 

T t + 159.6 (3) 

9. Heat Measurement. Any (piantity of heat may be designated 
in terms of the British thermal unit, Btu, a mean value of which is 
taken as y-J-g- of the heat necessary to raise the temperature of one 
pound of pure water from 32 to 212 F. 

10. Mechanical Equivalent of Heat. Mechanical work and heat 

energy are interchangeably convertible from one to the other in the 
ratio of 778.26 ft-lb to one Btu. For most calculations the mechanical 
equivalent may be used as 778 ft-lb. The heat equivalent of one 
mechanical horsepower-hour is (33,000 X 60) 778 = 2545 Btu. 

Likewise the heat equivalent of a kilowatthour is found to be (1000 X 
33,000 X 60) -T- (746 X 778) = 3412 Btu. 

11. Energy Balances in Steady-Flow Processes. Heating and air- 
conditioning problems involve steady-flow processes which include 
the combustion of fuels; kinetic energy changes where the flow of 
fluids takes place; work done by engines, fans, and compressors; and 
heat transfer in exchange equipment. Inasmuch as energy cannot be 
destroyed but its form can be changed, engineers often account for 
the total energy entering and leaving a machine through which a 
working medium passes in a steady-flow process. Such a case is illus¬ 
trated by Fig. 3, and in the accompanying discussion all subscripts 
designated by 1 and all those indicated by 2 refer to the conditions at 
points 1-1 and 2-2. 

The quantity M represents the weight of the working medium 
flowing in pounds per second, vi and V 2 the velocities of flow in feet 
per second, Zi and Z 2 the distances in feet above some datum line, J 
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the mechanical equivalent of heat 778.26 ft-lb per Btu, and g the 
acceleration due to gravity taken as 32.174 ft per sec per sec. The 
kinetic energies Mv\ /2gJ and Mv2^/2gJ are due to the motion of the 
medium as a whole. Under the headings of potential energy may be 
listed the chemical energies C\ and the potential energies MZ\/J 
and MZ 2 /J due to the position of or the condition of the medium; and 
the flow energies PiV\/J and P 2 V 2 /J, ie., mechanical potential 
energy stored in volumes of Fi and F 2 cu ft under pressures of Pi 



and P 2 psfa (lb per sq ft abs). Entering into the analysis also are the 
internal energies Ui and U 2 due to potential and kinetic energies of 
the molecules; the heat energy gain Q^, and Q© transferred by various 
means; and the mechanical work TF^ done upon the operating fluid 
and the work Wo effected by it in passing through the apparatus. Net 
values of Q are considered as positive when heat is absorbed by a 
substance and negative if heat is rejected by it. Net work IF is used 
as positive when done by the medium and negative when it is done 
upon the medium. When an analysis of a steady-flow process is 
made care must be taken to express everything involved either in 
terms of foot-pounds or in heat units, Btu, per unit of time, which 
preferably is one second. 

Expressed in terms of heat units per second the energy balance for 
a steady-flow condition is 
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Cl H- - -P 


PiV 


-+Q 


+ t/i + 


_ MZ 2 , P 2 F 2 , W 

■^' + — + ^ + ‘'’ + — + 7 


(4) 


In most cases parts Ci, MZi/J, C 2 , and MZa/^ may be ignored. 
The kinetic energies may be of importance in calculations. The 
quantities Ui +P 1 V 1 /J and U 2 +P 2 V 2 /J each represent a term 
known as enthalpy which is discussed in the following article. 

12. Enthalpy. The important forms of energy possessed by a fluid 
entering and leaving heating and air-conditioning apparatus are: 
kinetic energy due to the velocity of flow, internal energy, and flow 
(PF) energy. Inasmuch asthechangeofkineticenergy, A/( 2 ; 2 ^ — 2 ^ 1 ^)/ 
2gJ is generally small this quantity may usually be ignored, but at 
any point in heating and air-conditioning apparatus the internal 
energy and the flow energy are of great importance. The total heat 
of a material can be reckoned correctly only above a base temperature 
of 0 deg F abs, which is not always convenient. Enthalpy, which is 
the sum of the internal energy and the flow energy at any point, can 
be conveniently reckoned above 32 F for water and steam and 0 F 
for air. A change of enthalpy represents heat, Btu, added or abstracjted 
in a process. The amount of heat added or abstracted is the common 
requirement in many heating and air-conditioning computations so 
that initial and final enthalpies may be used as conveniently as initial 
and final total heats might be. Enthalpy h per pound of any fluid is 

h = u + Pv/J (5) 

where = internal energy, Btu per lb. 

P = total pressure, psfa. 

V = specific volume of fluid, cu ft per lb. 

J = mechanical equivalent of heat, 778 ft-lb per Btu. 


13. Specific Heats. The thermal capacity or specific heat of a sub¬ 
stance is the amount of heat added to or taken from a unit of weight 
of a material to produce a change of one degree in its temperature. 
In this work specific heats will be used as Btu per pound per degree 
Fahrenheit. 

All specific heats vary with a change of temperature, and distinc¬ 
tions must be made between the true or instantaneous and the mean 
specific heat. The instantaneous specific heat is the amount of heat 
that must be added or abstracted at any definite temperature to pro¬ 
duce a temperature change of one degree per unit weight of the mate- 
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rial. The mean specific heat, over a given temperature range, is the 
average amount of heat required to produce a change of one degree of 
temperature per unit weight of the substance. 

Specific heats of gases and vapors are also dependent upon the con¬ 
ditions of maintenance, i.e., either constant pressure or constant 
volume. The specific heat at constant pressure Cp is greater than 
the specific heat at constant volume Cv. When volume changes are 
produced at constant pressure, by temperature changes, external 
work is done, and the heat equivalent of the work is reflected in the 
specific heat Cp at constant pressure. The tempeiature changes of 
gases and vapors at constant volume produce pressure changes, but as 
no work is done the value of the specific heat at constant volume is 
always less than that for constant pressure by the amount of the heat 
equivalent of the external work done under con.staTit-pressure condi¬ 
tions. There is little difference in the specific he^ts of liquids and 
solids at constant pressure and those at constant volume. 

The specific heats of a few materials for various temperature ranges 
are given by the data of Table 1. 


TABLE 1 

Mean Specific Heats 
Solids, Liquids, and Gases 


Material 

Temperature 

Range, 

Deg F 

Specific 

Heat 

Material 

Temperature 
Range, 
Deg F 

Specific 

Heat 

Air 

Constant pressure 

32-212 

0.2401 

Glass 

32-212 

0.163 

Constant volume 

32-212 

0.173 

Gypsum 

32-212 

0.259 

Aluminum 

61-579 

0.225 

Mercury 

32-212 

0.033 

Asbestos 

32-212 

0.200 

Oak 

32-212 

0.570 

Brass 

68^212 

0.104 

Petroleum 

32-212 

0.500 

Brick 

32-212 

0.220 

Pine 

32 212 

0.670 

Cast Iron 

68-212 

0.119 

Soil 

32-212 

0.440 

Cinders 

32-212 

0.180 

Steel 

32-212 

0.117 

Concrete 

32-212 

0.156 

Stone 

68-208 

0.208 

Copper 

59-540 

0.095 

Water 

32-212 

1.00 

Cork 

32-212 

0.485 

Zinc 

68-212 

0.093 


The sensible heat added to or abstracted from a material is 

// = cW{t2 - (6) 

where H = heat, Btu. 

c == the proper specific heat. 

W = weight of the material, lb. 
ti = lower temperature of the material, deg F. 
t 2 = higher temperature of the material, deg F. 
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14. Dissemination of Heat. The passage of heat from regions of 
higher to those of lower temperature may be either by conduction, by 
convection, by radiation, or by combinations of the foregoing ways. 

16. Conduction. The transfer of heat by conduction is accomplished 
by heat flow from one particle to another particle of a material and 
occurs in any direction where a lower temperature is being maintained. 
An example is furnished by hot and cold bodies in contact with each 
other. The rate of flow varies with the character of the material, the 
distance through which the flow takes place, and the temperature dif¬ 
ference maintained. Some materials permit the rapid transmission of 
heat by conduction and soon become nearly uniform in temperature. 
Other materials, which serve as insulators, resist the flow of heat by 
conduction and may have great temperature differences existing within 
them. 

The thermal conductivity k is the amount of heat, in Htu per hour, 
transmitted per square foot of area, per inch of thickness of the mate¬ 
rial, per one degree Fahrenheit of temperature difference. The total 
heat transmitted by conduction per hour is expressed as 

H = - (<2 - t,)A (7) 

X 

where H = heat, Btu per hr. 

k = thermal conductivity. 

X = thickness of material, in. 

= temperature of the cooler surface or section, deg F. 
t 2 = temperature of the hotter surface or section, deg F. 

A = area involved, sq ft. 

Inspection of equation 7 reveals that the thicker the material, of a 
given conductivity, the smaller will be the amount of heat conducted at 
a iijiit area with a fixed temperature difference. 

16. Convection. A transfer of heat takes place as a fluid (liquid or 
gaseous) flows over the surface of a colder or a hotter body. The 
medium, set in motion by either natural or mechanical means, either 
loses or receives heat, depending upon its temperature at the point 
of contact relative to that of the surface over which it passes. Heat 
transfer by conduction takes place between the molecules of the moving 
agent and the material having the surfaces where the two are in con¬ 
tact. The transfer of heat by the carrying medium then becomes 
the process of convection. 

An example of heat transfer by convection may be seen when water 
is heated in a pan placed on the top of a stove. Heat received from a 
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burning fuel passes by conduction through the metal walls of the pan 
to the water molecules in contact with the water-heating surfaces. 
Distribution of the heat energy, by the process of convection, through¬ 
out the water takes place as natural. circulation of the water is pro¬ 
moted by its changes of density. 

Heat transfer by convection is independent of the nature of the sur¬ 
faces over which the conveying medium moves. The amount of heat 
transferred per unit of time is affected by the velocity and nature of 
the moving medium, the area and form of the surfaces rubbed, and 
the difference between the temperature of the moving fluid and that 
of the surfaces rubbed. 

17. Radiation. Heat dispersed by radiation passes through space 
in straight lines following the laws of the travel of li»^ht. Air and other 
gases, unless they contain moisture or dust pn rtic ies, are not warmed 
directly by radiant heat. Some materials are absorbers, and others are 
reflectors of radiant heat. Materials generally have the power of emit¬ 
ting the same amount of radiant heat that they will absorb under 
reversed conditions of temperature difference. A few materials have 
the property of allowing radiant heat to pass through them without 
absorbing any of the heat transmitted. Other materials diffuse 
radiant heat in all directions without regularity or uniformity. 

Transmission of radiant heat varies inversely as the square of the 
distance between the source of radiation and the absorbing surface. 
Unless there are re-entrant angles of the surface to produce interference 
in the heat rays, the amount of heat radiated in a given time, per unit of 
area, is independent of the form and extent of a heated body. Heat 
emission by radiation is dependent upon the nature of the radiating 
surface, its absolute value of temperature, and the temperature differ¬ 
ences maintained. The heat transmission varies as the difference of 
the fourth powers of the absolute temperatures of the radiating and 
the receiving bodies. 

The general expression for the transmission of radiant heat per unit 
of surface per hour according to the Stefan-Boltzmann law is 

H = K{Ti* - Ti*) (8) 

where H = heat radiated per unit of surface, Btu per hr. 

K = a coefficient which includes a radiation constant, a rela¬ 
tive-position factor for the emitting and the receiving sur¬ 
faces, and absorption and emission characteristics for the 
two. 

Ti = temperature of the heat radiating surface, deg F abs. 

T 2 = temperature of the heat receiving surface, deg F abs. 
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18. Expansion and Contraction. The linear dimensions and volumes 
of nearly all materials are effected by heat changes and the consequent 
changes of temperature. In engineering designs, such as the layout 
and installation of steam and hot-water pipe lines, cognizance must be 
taken of the movement produced by expansion and contraction. If 
provisions are not made for such movement the piping may be thrust 
out of alignment or the fittings ruptured by the excessive stresses pro¬ 
duced. Such contingencies arc avoided by the use of expansion joints, 
pipe bends, and loops. 

The amount of linear expansion or contraction produced is dependent 
upon the linear length of material involved, its coefficient of expansion, 
and its temperature change in degrees. The coefficient of linear expan¬ 
sion is the linear change per inch of length of a material per one degree 
of temperature change. The coefficient of linear expansion varies with 
the temperature; therefore mean values are usually stated for given 
temperature ranges. 

Table 2 gives the coefficients of linear expansion for several metals 
used in heating and air-conditioning plants. 


l^ABLE 2 

C-OKFFICIENTS OF LiNEAR EXPANSION 


Metal 
Aluminum 
Brass, rolled 
Cast iron 
Copper, drawn 


C()(‘flicient, 
In. per Deg F 
per In. 

0.000,012,33 

0.000,010,72 

0.000,00.5,89 

0.000,009,26 


Metal 

Steel, soft-rolled 
Wrought iron 
Zinc 


Coefficient, 
In. per Deg F 
per In. 

0.000,006,30 

0.000,006,73 

0.000,016,53 


The linear expansion or contraction is 

E = CcE(t2. — ^i) 


(9) 


where E = change of linear length, in. 

Ce = coefficient of linear expansion. 

L = original length, in. 

ii = lower temperature of the material, deg F. 
t 2 = higher temperature of the material, deg F. 


Volumetric expansion is of importance in fluids, such as water in 
hot-water heating systems, where compensation must be provided 
either in the form of expansion tanks or relief valves. For water 
between 32 and 212 F the coefficient of cubical expansion is 0.000,243 
per deg F. 

19. Gas Laws. Perfect gases are those that can be liquefied only 
with great difficulty and which closely follow the laws of Boyle and 
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Charles. Air, oxygen, hydrogen, nitrogen, and helium are often con¬ 
sidered as nearly perfect gases. 

BoyWs law states that, when the temperature is held constant, the 
volume of a given weight of a perfect gas varies inversely as the abso¬ 
lute pressure. Charles^ law specifies that, when a perfect gas receives 
heat at constant volume, the absolute pressure varies directly as the 
absolute temperature. The following single equation satisfies both of 
the foregoing statements. 

PV = WET (10) 

where P = absolute pressure, lb per sq ft. 

V = volume of gas, cu ft. 

W = weight of gas, lb. 

R = gas constant, ft-lb per lb per deg. 

T = absolute temperature, deg F. 

Equation 10 may also be written as WR = PV/T and for a constant 
weight IF of a given gas 

PV ^ PiVx ^ P 2 F 2 

T Ti Ti 


Equations 10 and 11 arc useful in heating and air-conditioning calcula¬ 
tions where pressure, volume, and temperature changes occur in air 
and other gases. 

The volume of a mole weight (a weight, in pounds, equal to the 
molecular weight m) of any gas is 358.65 cu ft when its pressure is 14.7 
psia and its temperature 32 F. When W is equal to m, based on equa¬ 
tion 10, the following statements are true: R = PV/WT = PV/mT = 
B/m in which B, a constant, is PV/T or (14.7 X 144 X 358.65) 
(459.6 -f- 32) = 1544 ft-lb per deg F. The molecular weight of 
oxygen, O 2 , is 16 X 2 = 32, and the value of R for oxygen is 1544 -r 32 
= 48.25 ft-lb per lb per deg F. 

Values of R for a few gases are given in Table 3. 


Gas 

Air 

Carbon dioxide 

Hydrogen 

Methane 


TABLE 3 
Gas Constants 

R Gas 

53.35 Nitrogen 
35.10 Oxygen 
765.36 Water vapor 
96.31 


R 

55,01 

48.25 

85.71 


For air at atmospheric pressure equation 10 may be changed to the 
following form to give the weight of one cubic foot, or the density 
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da, of dry air at any temperature and pressure. W equals da when V 
is equal to one cubic foot. 


da 


PV 

RT 


_ 144 X 0.4912 X barom etric pressure, inches of mercury X 1 

53.35(459.6 + t) 


Hence, da = 1.3258 X 


barometric pressure, inches of mercury 


(459.6 + t) 


( 12 ) 


where t = air temperature, deg F. 


Example. Find the density of dry air at a temperature of 60 F when the baro¬ 
metric pressure is 28..5 in. of mercury. 

28 5 X1 

da = 1.32.58 X = 0.07272 lb p(‘r ou ft 

(4.59.0 -f bO) 


The specific volume or cubic feet per one pound of gas is the recip¬ 
rocal of the density, 1/da, and is equal, in the foregoing case, to I 4- 
0.07272 = 13.75 cu ft per lb. The weights of dry air per cubic foot at 
various temperatures and a barometric pressure of 29.921 in. of mer¬ 
cury, as given in Table 8, were obtained by the use of equation 12. 

20. Water. Pure water (H 2 O) is the result of the chemical com¬ 
bination of hydrogen and oxygen in the ratio of 2 parts of the former to 
16 parts of the latter by weight. The maximum density of pure 
water occurs at a temperature of 39.2 F; the freezing and boiling tem¬ 
peratures under an atmospheric pressure of 14.7 psia, alone, are 32 
and 212 F respectively. The boiling temperature is made higher by 
increases of the absolute pressure. The volumes in cubic feet per 
pound and the weights per cubic foot for water at various temperatures 
as derived from Table 6, Properties of Saturated Steam, by J. H. 
Keenan and F. G. Keyes, are given by Table 4. The weights per 
cubic foot, at the various temperatures, are slightly different from those 
when the water pressure is held constant at 14.7 psia. The values 
given are satisfactory for most calculations. 

21. Steam Generation. A sufficiently rapid transfer of heat to 
water held in an open or closed vessel produces changes in the physical 
state of the water. The effects are: increased vibration of the mole¬ 
cules, a rise in the temperature, and a decrease in density of the liquid. 
All these changes continue until the temperature at which boiling 
occurs is reached. The temperature at which boiling or vaporization 
occurs is controlled by the absolute pressure exerted upon the water. 
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The boiling temperature of pure water is definitely fixed for each pres¬ 
sure and is less at lower than at higher pressures. 

TABLE 4 


Properties op Water* 


Tem¬ 

per¬ 

ature, 

Deg 

F 

Boiling 
or Satu¬ 
ration 
Pressure, 
Psia 

Volume, 
Cu Ft 
per Lb 

Weight, 
Lb per 
Cu Ft 

En¬ 

thalpy 

or 

Heat 
above 
32 F. 
Bfu 
per Lb 

Tem¬ 

per¬ 

ature, 

Deg 

V 

Boiling 
or Satu¬ 
ration 
Pressure,! 
Psia 

Volume, 
Cu Ft 
per Lb 

Weight, 
Lb per 
Cu Ft 

En¬ 

thalpy 

or 

Heat 
above 
32 F, 
Btu 
per Lb 

32 

0.08854 

0.01602 

62.42 

0.0 

135 

2.5370 

0 01027 

61 .46 

102.90 

35 

0.09995 

0.01602 

62.42 

3.02 

140 

2.8886 

0 01629 

i r>1.39 

107.89 

40 

0.12170 

0.01602 

62.42 

8.05 

145 

3.281 

0.01032| 

61.27 

112.89 

45 

0.14752 

0.01602 

62.42 

13.06 

150 

3.718 

0.01634 

61 .20 

117.89 

50 

0.17811 

0.01603 

62.38 

18.07 

155 

4.203 

0.01637 

61.09 

122.89 

55 

0.2141 

0.01603 

62.38 

23.07 

160 

4.741 

0.01639 

i 61.01 

127.89 

60 

0.2663 

0.01604 

62.34 

28.06 

165 

5.335 

0.01642 

i 60.90 

132.89 

65 

0.3056 

0.01605 

62.30 

33.05 

170 

5.992 

0.01645 

60.79 

137.90 

70 

0.3631 

0.01606 

62.27 

38.04 

175 

6.715 

0.01648 

60.68 

142.91 

75 

0.4298 

0.01607 

62.23 

43.03 

180 

7.510 

0.01651 

60.57 

147.92 

80 

0.5069 

0.01608 

62.19 

48.02 

185 

8.383 

0.01654 

60.46 

152.93 

85 

0.5959 

0.01609 

62.15 

53.00 

190 

9.339 

0.01657 

60.35 

157.95 

90 

0.6982 

0.01610 

62.11 

57.99 

195 

10.385 

0.01660 

60.24 

162.97 

95 

0.8153 

0.01612 

62.03 

62.98 

200 

11.526 

0.01663 

60.13 

167.99 

100 

0.9492 

0.01613 

61.99 

67.97 

205 

12.771 

0.01666 

60.02 

173.02 

105 

1.1016 

0.01615 

61.92 

72.95 

210 

14.123 

0.01670 

59.88 

178.05 

no 

1.2748 

0.01617 

61.84 

77.94 

215 

15.595 

0.01673 

59.77 

183.09 

115 

1.4709 

0.01618 

61.80 

82.93 

220 

17.186 

0.01677 

59.63 

188.13 

120 

1.6924 

0.01620 

61.73 

87.92 

225 

18.916 

0.01681 

59.48 

193.17 

125 

1.9420 

0.01622 

61.65 

92.91 

230 

20.780 

0.01684 

59.38 

198.23 

130 

2.2225 

0.01625 

61.54 

97.90 

240 

24.969 

0.01692 

59.10 

208,34 


* From Thermodynamic Properties of Steamy by J. H. Kcoiuin and F. G. Keyes, 
John Wiley and Sons, Inc., New York, 1936. 


22. Saturated Steam. Steam which exists at the temperature cor¬ 
responding to its absolute pressure is defined as saturated. Saturated 
steam may be completely free from unvaporized water particles, or it 
may carry water globules in suspension. Thus, saturated steam may 
be in either a dry or a wet condition. 

In the production of saturated steam the heat or enthalpy added 
to each pound of water is utilized in two stages. The first stage raises 
the temperature of the water from that of its initial condition to that 
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which corresponds to the boiling point at the existing absolute pres¬ 
sure. The heat necessary to accomplish this is the heat or enthalpy 
of the liquid. Phis stage is reached with a comparatively small increase 
of volume. The second stage in the process of steam formation is the 
addition of an amount of heat necessary to convert the liquid at its 
boiling point into a vapor. The latter quantity is the heat or enthalpy 
of evaporation or latent heat of vaporization. The vaporization takes 
place at a constant temperature corresponding to the boiling point. 

Properties of Dry and Saturated Steam as compiled by Professors 
J. H. Keenan and F. G. Keyes are given by permission in abridged form 
in Tables 5 and 6. The steam table data are based on a weight of one 
pound of water or steam, and the heato are reckoned above a base 
temperature of 32 F. 

23. Enthalpy of Liquid. The amount of heat in Htu necessary to 
raise one pound of water from a temperature of 32 F to the tem¬ 
perature of boiling, at any given pressure, is the heat or enthalpy of the 
liquid. The enthalpy of the liquid per pound of water may be com¬ 
puted as 

hf = - 32) (13) 

where hf — enthalpy of the liquid, Btu per lb. 

Cpu, = mean specific heat of the liquid. 
t = vaporization temperature, deg F. 

The amounts of heat energy added to the water, as enthalpy of the 
liquid, increase as the pressure and temperature rise. The rate of the 
increase in the amount of heat added is not uniform for equal incre¬ 
ments of pressure rise but is variable, for the mean specific heat of 
water is not constant but varies with different temperature ranges. 
For all temperatures the most accurate results are obtained by use of 
the enthalpies of liquid given in Tables 5 and 6. 

24. Enthalpy of Evaporation. The heat in Btu necessary to convert 
one pound of liquid into dry steam at the same temperature and 
pressure is the enthalpy of evaporation or the latent heat of vaporiza¬ 
tion hfg. The numerical quantities for the latent heat of vaporization 
are given in Tables 5 and 6 in the “Enthalpy of Evaporation’^ 
column. As the absolute pressure of steam increases, the enthalpy of 
evaporation decreases, becoming zero at the critical pressure of 3206 
psia. 

The enthalpy of evaporation is made up of two parts, the external 
and the internal latent heats. The external heat of evaporation is the 
heat equivalent of the external work necessary to change the volume of 
one pound of water to the volume occupied by one pound of the dry 
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steam formed at the existing pressure. The internal heat of evapora¬ 
tion is the heat equivalent, in Btu, of the internal energy necessary to 
overcome the molecular attraction of the water molecules at the vapor¬ 
ization temperature. 

25. Total Enthalpy of Dry Saturated Steam. The total enthalpy 
of one pound of dry saturated steam is the sum of the enthalpy of the 
liquid and the enthalpy of evaporation: 

hg = h/ -j- hfg (14) 

where hg = total enthalpy above 32 deg F, Btu per lb. 
hf = enthalpy of the liquid, Btu per lb. 
hfg = enthalpy of evaporati^m, Btu per lb. 

The enthalpy of dry saturated steam is dependent upr n its pressure as 
shown by the numerical quantities given in Tallies 5 and 6 under 
Enthalpy of Saturated Vapor, Ag.” 

When use is made of equation 14 the values of h/ and are taken 
from either Table 5 or 6 for the absolute steam pressure corresponding 
to that of the steam under consideration. Tables 5 and 6 are not com¬ 
plete in that theProperties of Dry Saturated Steam’’ are not given for 
all pressures. However, when the properties are not given in the tables 
for various desired pressures, numerical data may be obtained by inter¬ 
polating between the data given for the pressures nearest to the pres¬ 
sure to be used. 

26. Specific Volume and Density of Dry Saturated Steam. The 

specific volumes Vg, in cubic feet, occupied by one pound of dry satu¬ 
rated steam are given in the fourth column of Tables 5 and 6. The 
volume of one pound of steam varies inversely as the pressure. 

The density d of dry saturated steam is the weight of steam in 
pounds per cubic foot. The density is the reciprocal of the specific 
volume Vg per pound and is 

d = ~ (15) 

Vg 

The density increases with pressure increases; thus the higher the pres¬ 
sure the greater the weight of the steam per cubic foot. The volumes 
Vf per pound of the liquid or the water are given in the third column of 
the steam tables, and the density may be computed by means of 
equation 15. 

27. Quality of Steam. Saturated steam may or may not carry 
entrained water. Moisture present in steam may be due to several 
causes. Steam conveyed by piping may suffer a reduction in heat con- 
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TABLE 5 


Properties op Dry Saturated Steam: Pressure Table* 



Temper- 

Specific Volume 

Enthalpy 


Psia 

P 

ature 

F 

t 

Sat. 

Liquid 

Sat. 

Vapor 

Sat. 

Liquid 

hf 

Evapora¬ 

tion 

hfo 

Sat. 

Vapor 

hg 

Pressure, 

Psia 

V 

0.20 

53.14 

0.01603 

1526.0 

21.21 

1063.8 

1085.0 

0.20 

0.40 

72.86 

0.01606 

791.9 

40.89 

1052.7 

1093.6 

0.40 

0.60 

85.21 

0.01608 

540.0 

53.21 

1045.7 

1098.9 

0.60 

0.80 

94.38 

0.01612 

411.7 

62 36 

1040.4 

1102.8 

0.80 

1.0 

101.74 

0.01614 

333 6 

69.70 

1036.3 

1106.0 

1.0 

2.0 

126.08 

0.01623 

173.73 

93.99 

1022.2 

1116.2 

2.0 

3.0 

141.48 

0.01630 

118.71 

109.37 

1013.2 

1122.6 

3.0 

4.0 

152.97 

0.01636 

90.63 

120.86 

1006.4 

1127.3 

4.0 

5.0 

162.24 

0.01640 

73.52 

130.13 

1001.0 

1131.1 

5.0 

6.0 

170.06 

0.01645 

61.98 

137.96 

996.2 

1134.2 

6.0 

7.0 

176.85 

0.01649 

53.64 

144.76 

992.1 

1136.9 

7.0 

8.0 

182.86 

0.016.53 

47.34 

150.79 

988.5 

1139.3 

8.0 

9.0 

188.28 

0.016.56 

42.40 

156.22 

985.2 

1141.4 

9.0 

10.0 

191.23 

0.01659 

38.42 

161.17 

982.1 

1143.3 

10.0 

11.0 

197.75 

0.01662 

35.14 

165.73 

979.3 

1145.0 

11.0 

12.0 

201.96 

0.01665 

32.40 

169.96 

976.6 

1146.6 

12.0 

13.0 

205.88 

0.01667 

30.06 

173.91 

974.2 

1148.1 

13.0 

14.0 

209.56 

0.01670 

28.04 

177.61 

971.9 

1149.5 

14.0 

14.696 

212.00 

0.01672 

26.80 

180.07 

970.3 

1150.4 

14.696 

16.0 

216.32 

0.01674 

24.75 

184.42 

967.6 

1152.0 

16.0 

18.0 

222.41 

0.01679 

22.17 

190.56 

963.6 

1154.2 

18.0 

20.0 

227.96 

0.01683 

20.089 

196.16 

960.1 

1156.3 

20.0 

22.0 

233.07 

0.01687 

18.375 

201.33 

956.8 

1158.1 

22.0 

24.0 

237.82 

0.01691 

16.938 

206.14 

953.7 

1159.8 

24.0 

26.0 

242.25 

0.01694 

15.715 

210.62 

950.7 

1161.3 

26.0 

28.0 

246.41 

0.01698 

14.663 

214.83 

947.9 

1162.7 

28.0 

30.0 

250.33 

0.01701 

13.746 

218.82 

945.3 

1164.1 

30.0 

35.0 

259.28 

0.01708 

11.898 

227.91 

939.2 

1167.1 

35.0 

40.0 

267.25 

0.01715 

10.498 

236.03 

933.7 

1169.7 

40.0 

45.0 

274.44 

0.01721 

9.401 

243.36 

928.6 

1172.0 

45.0 

50.0 

281.01 

0.01727 

8.515 

250.09 

924.0 

1174.1 

50.0 


• Abridged from Thermodynamic Properties of Steam, by J. H. Keenan and 
F. G. Keyes, John Wiley and Sons, Inc., New York, 1936. 
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TABLE 5 {Continued) 


Pressure, 

Psia 

V 

Temper¬ 

ature 

F 

t 

Specific Volume 

Enthalpy 

Pressure, 

Psia 

V 

Sat. 

Liquid 

Sat. 

Vapor 

Vg 

Sat. 

Liquid 

hf 

Evapora¬ 

tion 

l^fg 

Sat. 

Vapor 

hg 

60.0 

292.71 

0.01738 

7.175 

262.09 

915.5 

1177.6 

60.0 

70.0 

302.92 

0.01748 

6.206 

272.61 

907.9 

1180.6 

70.0 

80.0 

312.03 

0.01757 

5.472 

282.02 

901 .9 

1183.1 

80.0 

90.0 

320.27 

0.01766 

4.896 

290.56 

894.7 

1185.3 

90.0 

100.0 

327.81 

0.01774 

4.432 

298.40 

888.8 

1187.2 

100.0 

110.0 

334.77 

0.01782 

4.049 

305.66 

883.2 

1188.9 

110.0 

120.0 

341.25 

0.01789 

3.728 

312.44 

877.‘J 

1190.4 

120.0 

130.0 

347.32 

0.01796 

3.455 

318.81 

872.’) 

1191.7 

130.0 

140.0 

353.02 

0.01802 

3.220 

324.82 

868.2 

1193 0 

140.0 

150.0 

358.42 

0.01809 

3.015 

330.61 

863.6 

1194.1 

150.0 

160.0 

363.53 

0.01815 

2.834 

335.93 

859.2 

1195.1 

160.0 

170.0 

368.41 

0.01822 

2.675 

341.09 

854.9 

1196.0 

170.0 

180.0 

373.06 

0.01827 

2.532 

346.03 

850.8 

1196.9 

180.0 

190.0 

377.51 

0.01833 

2.404 

350.79 

846.8 

1197.6 

190.0 

200.0 

381.79 

0.01839 

2.288 

355.36 

843.0 

1198.4 

200.0 

210.0 

385.9 

0.01844 

2.183 

359.77 

839.2 

1199.0 

210.0 

220.0 

389.86 

0.01850 

2.087 

364.02 

835.6 

1199.6 

220.0 

230.0 

393.68 

0.01854 

1.9992 

368.13 

832.0 

1200.1 

230.0 

240.0 

397.37 

0.01860 

1.9183 

372.12 

828.5 

1200.6 

240.0 

250.0 

400.95 

0.01865 

1.8438 

376.0 

825.1 

1200.1 

250.0 

260.0 

404.42 

0.01870 

1.7748 

379.76 

821.8 

1201.5 

260.0 

270.0 

407.78 

0.01875 

1.7107 

383.42 

818.5 

1201.9 

270.0 

280.0 

411.05 

0.01880 

1.6511 

386.98 

815.3 

1202.3 

280.0 

290.0 

414.23 

0.01885 

1.5954 

390.46 

812.1 

1202.6 

290.0 

300.0 

417.33 

0.01890 

1.5433 

393.84 

809.0 

1202.8 

300.0 


tent through unavoidable or other losses so that part of the latent 
heat or enthalpy of evaporation of the steam is given up and water 
particles are formed in the steam. The generation of steam may have 
been imperfect on account of poor design of the boiler, high rate of 
evaporation maintained, or poor boiler feedwater. 

The dry steam content per pound of wet steam is the quality of the 
steam. The quality x of steam may be expressed either as a percent¬ 
age, or as the weight of dry steam existing within a pound of wet 
steam. 




TABLE 6 


Properties op Dry Saturated Steam: Temperature Table” 


Tem- 

Pressure, 

Psia 

Specific Volume 

Enthalpy 

Tem- 

perature 

Sat. 

Sat. 

Sat. 

Evap- 

Sat. 

perature 

F 



Liquid 

Vapor 

Liquid 

oration 

Vapor 

t 

V 

Vf 

Vg 

h, 

h fg 

h, 

t 

32 

0.08854 

0.01602 

3306.0 

0.00 

1075.8 

1075.9 

32 

34 

0.09603 

0.01602 

3061.0 

2.02 

1074.7 

1076.7 

34 

36 

0.10401 

0.01602 

2837.0 

4.03 

1073.6 

1077.6 

36 

38 

0.11256 

0.01602 

2632.0 

6.04 

1072.4 

1078.4 

38 

40 

0.12170 

0.01602 

2444.0 

8 05 

1071.3 

1079.3 

40 

42 

0.13150 

0.01602 

2271.0 

10.05 

1070.1 

1080.2 

42 

44 

0.14109 

0.01602 

2112.0 

12.06 

1068.9 

1081.0 

44 

46 

0.15323 

0.01602 

1964.3 

14.06 

1067.8 

1081 .9 

46 

48 

0.16525 

0.01603 

1828.6 

16.07 

1066.7 

1082.8 

48 

50 

0.17811 

0.01603 

1703.2 

18.07 

1065.6 

1083.7 

50 

52 

0.19182 

0.01603 

1587.6 

20.07 

1064.4 

1084.5 

52 

54 

0.20642 

0.01603 

1481.0 

22.07 

1063.3 

1085.4 

54 

56 

0.2220 

0.01603 

1382.4 

24.06 

1062.2 

1086.3 

56 

58 

0.2386 

0.01604 

1291.1 

26.06 

1061.0 

1087.1 

58 

60 

0.2563 

0.01604 

1206.7 

28.06 

1059.9 

1088.0 

60 

62 

0.2751 

0.01604 

1128.4 

30.05 

1058.8 

1088.9 

62 

64 

0.2951 

0.01605 

1055.7 

32.05 

1057.6 

1089.7 

64 

66 

0.3164 

0.01605 

988.4 

34.05 

1056.5 

1090.6 

66 

68 

0.3390 

0.01605 

925.9 

36.04 

1055.5 

1091.5 

68 

70 

0.3631 

0.01606 

867.9 

38.04 

1054.3 

1092.3 

70 

72 

0.3886 i 

0.01606 

813.9 

40.04 

1053.2 

1093.2 

72 

74 

0.4156 

0.01606 

763.8 

42.03 

1052.8 

1094.1 

74 

76 

0.4443 1 

0.01607 

717.1 

44.03 

1050.9 

1094.9 

76 

78 

0.4747 

0 01607 

673 6 

46.02 

1049.8 

1095.8 

78 

80 

0.5069 

0.01608 

633.1 

48.02 

1048.6 

1096.6 

80 

82 

0.5410 

0.01608 

595.3 

50.01 

1047.5 

1097.5 

82 

84 

0.5771 

0.01609 

560.2 

52.01 

1046.4 

1098.4 

84 

86 

0.6152 

0.01609 

527.3 

54.00 

1045.2 

1099.2 

86 

88 

0.6556 

0.01610 

496.7 

56.00 

1044.1 

1100.1 

88 

90 

0.6982 

0.01610 

468.0 

57.99 

1042.9 

1100.9 

90 

92 

0.7432 

0.01611 

441.3 

59.99 

1041.8 

1101.8 

92 

94 

0.7906 

0.01612 

416.2 

61.98 

1040.7 

1102.6 

94 

96 

0.8407 

0.01612 

392.8 

63.98 

1039.5 

1103.5 

96 

98 

0.8935 

0.01613 

370.9 

65.97 

1038.4 

1104.4 

98 


* Abridged from Thermodynamic Properties of Steam^ by Joseph H. Keenan and 
Frederick G. Keyes, John Wiley and Sons, Inc., New York, 1936. 
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TABLE 6 (Continued) 


Tern- 


Specific Volume 

Enthalpy 

Tem- 

perature 

F 

Pressure, 

Psia 

Sat. 

1 

Sat. 

Sat. 

Evap- 

Sat. 

perature 

T? 


Liquid 

Vapor 

Liquid 

oration 

Vapor 


t 

P 



h, 

hf a 

hg 

t 

100 

0.9492 

0.01613 

350.4 

67.97 

1037.2 

1105.2 

100 

105 

1.1016 

0.01615 

304.5 

72.95 

1034.3 

1107.3 

105 

no 

1.2748 

0.01617 

265.4 

77.94 

1031.6 

1109.5 

no 

116 

1.4709 

0.01618 

231.9 

82.93 

1028.7 

1111.6 

115 

120 

1.6924 

0.01620 

203.27 

87.92 

1 1025.8 

1113.7 

120 

125 

1.9420 

0.01622 

178.61 

92.01 

1022.9 

1115.8 

125 

130 

2.2225 

0.01625 

157.34 

97.90 

1020.0 

117.9 

130 

135 

2.5370 

0.01627 

138.95 

102.90 

1U17 0 

1119 9 

135 

140 

2.8886 

0.01629 

123.01 

107.89 

1014.1 

1122.0 

140 

145 

3.281 

0.01632 

109.15 

112.89 

1011.2 

1124.1 

145 

150 

3.718 

0.01634 

97.07 

117.89 

1008.2 

1126.1 

150 

155 

4.203 

0.01637 

86.52 

122.89 

1005.2 

1128.1 

155 

160 

4.741 

0.01639 

77.29 

127.89 

1002.3 

1130.2 

160 

165 

5.335 

0.01642 

69.19 

132.89 

999.3 

1132.2 

165 

170 

5.992 

0.01645 

62.06 

137.90 

996.3 

1134.2 

170 

176 

6.715 

0.01648 

55.78 

142.91 

993.3 

1136.2 

175 

180 

7.510 

0.01651 

50.23 

147.92 

990.2 

1138.1 

180 

185 

8.383 

0.01654 

45.31 

152.93 

987.2 

1140.1 

185 

190 

9.339 

0.01657 

40.96 

157.95 

984.1 

1142.0 

190 

200 

11.526 

0.01663 

33.64 

167.99 

977.9 

1145.9 

200 

210 

14.123 

0.01670 

27.82 

178.05 

971.6 

1149.7 

210 

220 

17.186 

0.01677 

23.15 

188.13 

965.2 

1153.4 

220 

230 

20.780 

0.01684 

19.38 

198.23 

958.8 

1157.0 

230 

240 

24.969 

0.01692 

16.32 

208.34 

952.2 

1160.5 

240 


28. Enthalpy of Wet Saturated Steam. The total enthalpy of a 
pound of wet saturated steam is less than that of a pound of dry 
saturated steam under the same pressure conditions. When the 
water is not completely vaporized, the heat carried as the heat of 
evaporation is less. The quality affects only the enthalpy of evapora¬ 
tion and does not change the enthalpy of the liquid at any given pres¬ 
sure. The quality factor must be applied only to the enthalpy of 
evaporation, and not to the enthalpy of the liquid or to the enthalpy 
of a pound of dry saturated steam. The enthalpy of a pound of wet 
steam is 
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hg hf + xhfg (16) 

where hg = enthalpy of wet steam, Btu per lb. 

X = quality of the steam, expressed as a decimal. 
hf = enthalpy of the liquid, Btu per lb. 
hfg = enthalpy of evaporation, Btu per lb. 

29. Superheated Steam. The temperature and enthalpy of sat¬ 
urated steam, at any pressure, may be increased by the application of 
additional heat. When the steam temperature is above saturation 
temperature, corresponding to the steam pressure, the steam is super¬ 
heated. The superheating process usually takes place in a separate 
piece of equipment. 


TABLE 7 


Mean Specific Heats of Superheated Steam* 


Steam 

Pressure, 

Psia 

Sat. 
Temp, 
Deg F 

Actual Steam Temperature, Deg F 

200 

250 

300 

350 

400 

450 

500 

10 

193.21 

0.485 

0.477 

0.474 

0.471 

0.470 

0.470 

0.470 

12 

201.96 


0.483 

0.477 

0.475 

0.473 

0.473 

0.472 

14 

209.56 


0.487 

0.481 

0.477 

0.475 

0.475 

0.474 

15 

213.03 


0.489 

0.483 

0.479 

0.477 

0.476 

0.475 

16 

216.32 


0.492 

0.484 

0.480 

0.478 

0.476 

0.475 

18 

222.41 


0.496 

0.488 

0.484 

0.480 

0.478 

0.477 

20 

227.96 


0.500 

0.490 

0.486 

0.482 

0.480 

0.479 

50 

281.01 



0.537 

0.521 

0.512 

0.506 

0.501 

100 

327.81 




0.581 

0.573 

0.544 

0.533 

150 

358.42 





0.608 

0.582 

0.565 

200 

381.79 





0.653 

0.620 

0.596 

250 

400.95 






0.661 

0.629 

300 

417.33 






0.704 

0.665 

350 

431.72 






0.754 

0.697 

400 

444.59 






0.780 

0.732 

450 

456.28 







0.773 

500 

467.01 







0.815 


* Based on data from Thermodynamic Properties of Stearrij by J. H. Keenan and 
F. G. Keyes, John Wiley and Sons, Inc., New York, 1936. 


The enthalpy of a pound of superheated steam is made up of three 
items: (1) the enthalpy of the liquid; (2) the enthalpy of evaporation; 
and (3) the heat added as superheat. In equation form the foregoing 
is expressed as 

A = A/ + hfg + Cpaitsh “ t) (17) 
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where h = enthalpy of superheated steam, Btu per lb. 
hf = enthalpy of liquid, Btu per lb. 
hfg = enthalpy of evaporation, Btu per lb. 

Cps = mean specific heat of superheated steam at the temperature 
and pressure of superheat. 
tsh = temperature of the superheated steam, deg F. 
t = temperature of saturated steam at the existing pressure, 
deg F. 

The specific heat of superheated steam varies with the existent pres¬ 
sure and the amount of the superheating. The temperature difference 
{tnh — i) is the number of degrees of superheat and is indicative of the 
rise of the temperature above that of saturation conditions. Unless the 
mean specific heat of the superheated steam is kno vn. the heat added 
as superheat cannot be computed from the temperature rise of the 
steam. Table 7 gives values of the mean specific heats of superheated 
steam, for various absolute pressures and degrees Fahrenheit steam 
temperature. 


PROBLEMS 

1. The steam pressure shown by a gage was 152 psi when the barometric pres¬ 
sure was 29.3 in. of mercury. What was the absolute pressure in pounds per 
square inch? 

2 . The absolute pressure of the steam in a heating boiler was 20 psi when t he 
barometric pressure was 27.45 in. of mercury. Find the gage pressure of the steam 
in pounds per square inch. 

3 . A vacuum gage indi(^ated that the pressure within a closed chamber was 
26 in. of mercury less than the barometric pressure of 28.5 in. of mercury outside. 
Find the absolute pressure within the chamber in pounds per square inc^h. 

4 . Twenty-thousand watts of electrical power were supplied continuously each 
hour to operate the motors driving fans. Find the equivalents in terms of kilo- 
watthours and horsepower-hours. 

6. The output of a generator is 50 kw when operated at 50 p^r cent of its rating. 
How many foot-pounds of work per minute are equivalent to an output repre¬ 
senting 100 per cent of its rating? 

6. Express 50 F as degrees centigrade and 80 C as degrees Fahrenheit. What 
is the absolute temperature in each case expressed in degrees Fahrenheit? 

7. A fluid exists at a temperature of 500 F abs. What temperature would a 
centigrade thermometer indicate when its bulb is inserted into the material? 

8. A steam engine develops 100 hp continuously each hour. Find the heat 
equivalent of the work done in Btu per hour. 

9. Steam flows in a pipe with a velocity of 200 fps. Find the heat equivalent 
of its kinetic energy per pound of steam. 

10. Steam at 100 psia has 4.43 cu ft per lb and an enthalpy of 1187.2 Btu per lb. 
Find the heat equivalent of its flow energy. What is its internal energy per pound? 

11. Steam at a pressure of 16 psia has a temperature of 216.3 F, a specific 
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volume of 24.75 cu ft per lb, and an internal energy of 1078.7 Btu per lb. (Cal¬ 
culate the enthalpy per pound of steam. 

12 . Forty pounds of dry air were raised in temperature from 32 to 212 F. 
Find the difference in the amounts of heat required if the process were at constant 
pressure instead of constant volume. 

13 . Eight thousand pounds of steel were cooled from 216 to 70 F. Find the 
amount of heat lost in the process. 

14 . A wall 12 in. thick has a surface area of 1200 sq ft and a thermal conduc¬ 
tivity of 8. Calculate the amount of heat per hour which passes through the wall 
from one surface to the other when the inside-surface temperature is 68 F and the 
outside-surface temperature is 18 F. 

16 . A wall 8 in. thick has a surface area of 700 sq ft and transmits 80,000 Btu 
per hr by conduction when its inside-surface temperature is 65 F and its outside- 
surface temperature is —5 F. Find the thermal conductivity of the wall. 

16 . A wrought-iron pipe 450 ft long had a change of temperature from 65 to 
230 F. Find the increase of the pipe length in inches. 

17 . A tank having a volume of 60 cu ft was filled with air having a temperature 
of 60 F and a pressure of 145 psig when the barometric pressure was 29.53 in. of 
mercury. Find the weight of air held in the tank. 

18 . Calculate the density of dry air which has a temperature of 75 F and is 
under a barometric pressure of 28 in. of mercury. Find the volume of one pound 
of the air undiir the conditions stated. 

19 . Find the pressure in pounds per sq\iare inch exerted by a water column 75 ft 
in height when the water temperature is 70 F. 

20 . Find the change of enthalpy necessary to convert 7500 lb of water at an 
initial temperature of 60 F into steam of 0.97 quality at a pressure of 150 psia. 

21 . Calculate the change of enthalpy necessary when 5000 lb of water at 180 F 
are converted into steam at 300 psia and a temperature of 500 F. 

22 . Calculate the total enthalpy of 20 lb of steam which exist at 150 psia and 
a total temperature of 450 F. 

23 . (Calculate the volume of 700 lb of dry saturated steam which are under a 
pressure of 50 psia. Find the volume of 8000 lb of wet-saturated steam which 
has a quality of 0.98 and a pressure of 20 psia. 



CHAPTER 2 


PSYCHROMETRIC PROPERTIES OF AIR- 
HUMIDIFICATION AND DEHUMIDIFICATION 

30. Air. Pure dry air is a mechanical mixture of the following 
gases: oxygen, nitrogen, carbon dioxide, hydrogen, argon, neon, 
krypton, helium, ozone, and xenon. The oxygen and the nitrogen 
make up the major portion of the combination. The other gases 
range from a few parts per 10,000 parts, by volume, to a mere trace 
in the case of xenon; their total never exceeds iOC parts per 10,000 
parts (one per cent) of air. Therefore, dry air is gerierfilly considered 
as being made up in the following proportions: oxygen 20.91 per cent 
by volume and 23.15 per cent by weight, together with nitrogen 79.09 
per cent by volume and 76.85 per cent by weight. Completely dry air 
does not exist in nature as water vapor in varying amounts is diffused 
through it. Air may be polluted by dust, dirt, bacteria, odor-bearing 
materials, and toxic gases of which carbon monoxide is an example. 

Air, being one of the so-called perfect gases, approximately follows 
their laws, and the equations as stated in Art. 19 are applicable in 
many calculations where its weights and volumes are recpiired at 
different pressures and temperatures. The volumes given at constant 
pressure and varying temperatures, in Table 8 were thus obtained. 

The specific heats of air vary with its temperature conditions and 
also its state of maintenance, that is, either constant pressure or con¬ 
stant volume. For the temperature range of 32 to 400 F the mean 
specific heat of dry air at constant volume is 0.173. When constant- 
pressure conditions prevail the mean specific heat of dry air between 
32 and 212 F is 0.2401, and between 32 and 392 F it is 0.2411. For 
ordinary computations the mean specific heat of dry air at constant 
pressure may be used as 0.24 with sufficient accuracy. 

31. Mixtures of Air and Water Vapor. In psychrometric calcula¬ 
tions the mixture considered is that of dry air and the water vapor 
(steam) mixed with it. The maximum amount of water vapor which 
can be mixed with dry air is dependent upon the absolute pressure 
and the temperature of the mixture. Air is saturated when it has 
diffused through it the maximum amount of water vapor (saturated 
steam in a stable state) that is possible under the conditions of tem¬ 
perature of the mixture and the absolute pressure of the dry air. 

24 
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Saturated air exists at its dew-point temperature which is the one at 
which condensation of the water vapor begins and below which con¬ 
densation of vapor from the mixture definitely takes place. 

TABLE 8 

Densities and Specific Volumes of Dry Air 
Absolute pressure 29.92 in. of mercury 



Weight 

Volume 


Weight 

Volume 

Temperature, 

per Cu 

per Lb, 

Temperature, 

per Cu 

per Lb, 

Deg F 

Ft, Lb 

Cu Ft 

Deg F 

Ft, Lb 

Cu Ft 

0 

0.08633 

11.58 

180 

0.06203 

16.12 

10 

0.08449 

11.83 

200 

0.06015 

16.62 

20 

0.08273 

12.08 

220 

0.05838 

17.13 

30 

0.08104 

12.34 

240 

0.05671 

17.63 

40 

0.07942 

12.59 

260 

0.05514 

18.14 

50 

0.07785 

12.84 

280 

0.05365 

18.64 

60 

0.07636 

13.09 

300 

0.05223 

19.14 

70 

0.07492 

13.34 

350 

0.04901 

20.40 

80 

0.07353 

13.59 

400 

0.04615 

21.67 

90 

0.07219 

13.85 

450 

0.04362 

22.92 

100 

0.07090 

14.10 

500 

0.04135 

24.18 

no 

0.06966 

14.35 

550 

0.03930 

25.44 

120 

0.06845 

14.60 

600 

0.03744 

26.70 

130 

0.06729 

14.85 

700 

0.03422 

29.22 

140 

0.06617 

15.11 

800 

0.03150 

31.75 

150 

0.06509 

15.36 

900 

0.02911 

34.35 

160 

0.06403 

15.61 

1000 

0.02718 

36.79 


When the temperature of an air-vapor mixture is held constant the 
amount of water vapor required to saturate one pound of dry air 
increases as the absolute pressure of the air is diminished and decreases 
as the pressure is increased. This fact is of importance at high alti¬ 
tudes where the barometric pressure is much lower than that existent 
at sea level. At a given pressure the temperature of the mixture has 
a very marked effect on the amount of water vapor that may be carried 
by a given quantity of air; the maximum amount increases as the air 
temperature rises and decreases as it falls. Under conditions of satura¬ 
tion the absolute partial pressure of the water vapor is that of saturated 
steam at the same temperature. 

When air is not saturated at given conditions of pressure and tem¬ 
perature the vapor held is less than that possible at the temperature 
of the mixture; the vapor is superheated, and its partial pressure is 
less than that of saturated vapor at the same temperature. With 
conditions other than those of saturation the relative humidity, Art. 
37, is less than 100 per cent, and the partial pressure of the vapor is 
that existent at the dew-point temperature of the mixture. 
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32. Weight of Water Vapor Required to Saturate Air. Consider¬ 
able research has been done in connection with the psychrometric 
properties of moist air. The articles ^ mentioned in the footnotes 
give data and indicate precise methods of calculation of the weight of 
water vapor necessary to saturate air. Neither air nor water vapor 
follows entirely the laws of perfect gases. Because of these deviations, 
temperature functions known as the second virial coefficients should 
be applied to the perfect-gas-law equation in the most exact calcula¬ 
tions. For dry-air and water-vapor combinations interaction forces 
between the molecules should also be given consideration. However, 
at the temperatures and pressures involved in most air-conditioning 
problems the foregoing items need not be given attention, and the 
commonly used values based on computations inclmling the use of 
Dalton^s Law are entirely satisfactory and of sufTiciont accui’acy. 

According to Dalton’s Law, air and water vapor ea jh conipletely 
occupy a space filled by the mixture of the two as though the other 
were not present, and the total pressure of the mixture is the sum of 
the partial pressures of the water vapor and the dry air. Thus any 
mixture of water vapor and dry air, at any temperature, exists at an 
absolute pressure p which is the sum of pi the absolute partial pressure 
of the vapor and p 2 the absolute partial pressure of the dry air. Then 
P = Pi + P 2 where each pressure is expressed in consistent units of 
either pounds per square inch or inches of mercury. Also, p 2 = p — Pi- 

From Art. 19 the fundamental gas-law equation is PF = WUT in 
connection with which in the following calculations the symbols p, 
V, and w will be used with the constant Pi = 85.71 for water vapor and 
P 2 = 53.35 for dry air, the units of the constant being in each case 
foot-pounds per pound per degree Fahrenheit absolute temperature. 
According to Dalton’s law the volume cu ft of water vapor at an 
absolute pressure of pi psi accruing from Wi lb of moisture necessary 
to saturate one pound of dry air at an absolute temperature of T 
deg F is equal to the volume i ;2 cu ft of dry air at an absolute pressure 
of p 2 psi at an absolute temperature of T deg F, or 

WiR\T 1 • R 2 * T 
144pi 144(p — pi) 


1 • P 2 P 1 _ 53.35pi ^ ^ ^22 Pi 

Pi(p - pi) 85.71(p -> 1 ) * (p - pi) 


(18) 


' Thermodynamic Properties of Moist Air,” by J. A. Goff and S. Gratch, 
ASHVE Trans., Vol. 51, 1945. 

* ** Low-Pressure Properties of Water in the Range —160 to 212 F, by J. A. 
Goff and S. Gratch, ASHVE Journal Section of Heating, Piping and Air Condition'- 
ing, February 1946. 
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Use of the foregoing equations may be made in building up data, 
Table 9, relative to the properties of both dry and saturated air. 
The following are used to illustrate the items involved. 

Example, (a) Find the volume of one pound of dry air existing at a barometric 
pressure of 29.92 in. of mercury and a temperature of 68 F. (b) Find the volume 
of the mixture of one pound of dry air and the water vapor necessary to saturate 
it under the conditions of (a). (c) Calculate the weight of water vapor necessary 

to saturate one pound of dry air at the pressure and temperature given in (a). 
(d) Compute the density of the mixture. 


Solution. 

wIi2T 1 X 53.35(459.6 + 68) 

” “ 144p “ 144 X 29.92 X 0.491 ~ 

(b) Pi = 0.339 psia (Table 6, Chap. 1) for steam at 68 F 
p = 0.4912 X 29.92 = 14.696 psia 

W 2 R 2 T 1 X 53.35(459.6 + 68) 


V2 


144(p - pi) 144(14.696 - 0.339) 


(c) wi = 0.622 


Pi 


0.622 X 0.339 


= 13.61 cu ft 


0.01469 lb per lb of dry air 


(p - pi) (14.696 ~ 0.339) 
r 0.01469 X 7000 — 102.83 grains per pound of dry air 

(d) d = L+JHJ = = 0.07455 lb por c« ft 


V2 


13.61 


J'or temperatur 3 S below 32 F pressures and other data pertinent 
to properties of water vapor can be obtained from the International 
Critical Tables for use in calculating the psychrometric properties of 
air. The numerical effect of reduced air pressure is illustrated by the 
following problem case. 

Example. A saturated air-vapor mixture exists at a barometric pressure of 
28.32 in. of mercury and a temperature of 68 F. Find the volume of the mixture 
in cubic feet per pound of dry air involved and the weight of water vapor required 
to saturate one pound of the dry air. 

Solution. The barometric pressure p is 0.491 X 28.32 = 13.905 psia, and the 
vapor pressure pi at 68 F is 0.339 psia. The volume of the mixture t ;2 = [1 X 53.35 
X (459.6 + 68)]/[144(13.905 - 0.339)] = 14.409 cu ft. The weight of water 
vapwr to saturate one pound of dry air under the conditions stated is uji = (0.622 
X 0.339)/(13.905 — 0.339) = 0.01554 lb per lb or 108.78 grains per lb. The 
moisture to saturate wi may also be computed as 14.409/925.9 = 0.01556 lb per lb 
where 925.9 is Vg the specific volume in cubic feet of one pound of saturated water 
vapor at a temperature of 68 F. 

Comparison of the solutions of the two prior examples involving the 
calculation of the weight of water vapor required to saturate one 
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pound of dry air indicates that for a given temperature (1) the vapor 
pressure for saturated water vapor remains constant irrespective 
of the barometric pressure p under which the mixture exists; (2) the 
partial pressure of the dry air p 2 decreases as the barometric pressure 
decreases; (3) the volume of the mixture, per pound of dry air and its 
contained water vapor, increases as the barometric pressure decreases; 
and (4) the weight of water vapor required to saturate one pound of 
dry air increases as the barometric pressure decreases. Later in this 
chapter it will become apparent that the greater amount of water 
vapor per pound of dry air the greater will be the total enthalpy of 
the mixture. 

33. Humidity. The water vapor mixed with dry air is termed 
humidity. Special terms used in connection with the subject are 
absolute humidity and humidity ratio. 

Absolute humidity is the actual weight of water vapor in grains 
(1 lb equals 7000 grains avoirdupois) or pounds per cubic foot of a 
mixture of air and water vapor. 

Humidity ratio, often designated as specific humidity, is the weight, 
either in pounds or in grains, of water vapor diffused through one 
pound of dry air. The use of humidity ratios, rather than absolute 
humidities, is an aid in calculations although the results obtained are 
not entirely accurate. However, for nearly all calculations the errors 
involved by the use of humidity ratios may be ignored. 

34. Enthalpy of Saturated Air. The heat held by a mixture of dry 
air and water vapor is generally reckoned from 0 F for the air and from 
32 F for the vapor. The heat, Btu per lb of dry air, is ha = Cpa{t ~ 0) 
when Cpa is the mean specific heat of air at constant pressure and t is 
the dry-bulb temperature. The enthalpy of saturated water vapor is 
defined in Chap. 1 by equation 14, hg = h/ + h/g Btu per lb, and 
data may be obtained from Tables 5 and 6 of the same chapter. A 
convenient empirical expression for the enthalpy, in Btu per pound, 
of low-pressure, low-temperature saturated water vapor is 

hg = 1060.8 + 0A5t (19) 

where t is the temperature of the saturated mixture. 

Example. Find the enthalpy of one pound of saturated water vapor at 70 F. 

Solution. From Table 6, Chap. 1, = 1092.3, or by equation 19, 1060.8 + 

(0.46 X 70) = 1092.3 Btu per lb. 

The enthalpy of the mixture of one pound of dry air and the moisture 
to saturate it is 


hg — epat “1“ U)ghg 


m 



DRY-BULB AND WET-BULB TEMPERATURES 


29 


where hs = enthalpy of one pound of dry air and Wt, the weight, in 
pounds per pound of dry air, of the moisture to saturate 
it, Btu. 

t = temperature of the mixture, deg F. 
hg = enthalpy of saturated water vapor at the temperature t, 
Btu per lb. 

Example. Find the enthalpy of one pound of dry air and the vapor to saturate 
it when the mixture exists under a barometric pressure of 29.t)2 in. of mercury and 
68 F dry-bulb temperature. 

Solution. By a prior calculation of part c in the example shown in Art. 32 the 
value of the weight of water vapor Wg for saturation is 0.01469 lb per lb. A calcu¬ 
lated value of hg is 1060.8 + (0.45 X 68) = 1091.4 Btu per lb of water vapor. 
The total enthalpy hg = (0.24 X 68) + (0.01*469 X 1091.4) =* 32.35 Btu per lb. 

36. Data for Saturated Air-Vapor Mixtures. The discussions of 
this chapter, thus far, have dealt with the properties of saturated air 
which change with variations of temperature and barometric pressure. 
Table 9 based on a common barometric pressure of 29.92 in. of mercury 
includes temperatures, corresponding vapor pressures, volumes, 
humidity ratios, and enthalpies. Other tables are in existence covering 
the same temperatures but with pressures greater or less than 29.92 
in. of mercury. In such tables the vapor pressures are always the 
same at the same temperatures, but all other data are different than 
those for a given pressure. 

36. Dry-Bulb and Wet-Bulb Temperatures. The dry-bulb tem¬ 
perature of an air-vapor mixture is the one indicated by any sort of a 
thermometer when its bulb, exposed to the atmosphere under consid¬ 
eration, is not in contact with water in either a solid or a liquid form. 
The foregoing statement is based on the premise that the reading of 
the thermometer is not affected by radiation of heat to or from the 
instrument. 

The wet-bulb temperature of air (thermodynamic wet-bulb) for 
all practical purposes is the temperature of adiabatic saturation as 
defined later in Art. 43. It is the lowest temperature indicated by a 
moistened thermometer bulb when evaporation of the moisture takes 
place in a current of the air-vapor mixture as it moves rapidly over the 
instrument. 

Dry- and wet-bulb temperatures are determined by the use of 
aspirating and sling psychrometers. Aspirating psychrometers usually 
have shields about the thermometer bulbs to prevent errors due to 
radiant energy and also some means of producing positive and rapid 
motion of the air-vapor mixture over the thermometer bulbs. For the 
best results the velocity of air motion should be from 1000 to 2000 
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fpm. The whirling psychrometer, illustrated by Fig. 4 consists of 
two accurate mercurial thermometers mounted upon a frame which has 
a handle that permits the assembly to be rapidly rotated to produce 
the necessary air motion. One thermometer is fixed with its bulb 
projecting beyond the bulb of the other. This projecting bulb is 
covered with a very light fabric gauze which is moistened with pure 
water held at a temperature near to that to be 
determined. The other bulb is kept absolutely 
dry. After rapid rotation of the thermometers, 
to give the necessary air motion, readings are 
taken of both thermometers when the minimum 
wet-bulb temperature is indicated. The lower 
temperature given by the wet-bulb thermometer, 
in partially saturated air, i.^ d»ie to the evapor¬ 
ation of moisture from the gauze and the trans¬ 
formation of sensible into latent heat. When the 
air is saturated there is no evaporation at the 
moistened bulb, and the^ two tliermometers read 
alike. At any given dry-bulb temperature the 
greater the depression of the wet-bulb temperature 
reading below that of the dry-bulb thermometer 
the smaller is the amount of water vapor held in 
the mixture. 

Hygrometers which have their wet bulbs stand¬ 
ing in still air may give very erroneous results. 
The accurate determination of the wet-bulb tem¬ 
perature is very important as at any given dry- 

X-x\ji. -X. 

psychrometer. bulb temperature it is indicative of the amount of 
moisture held in the air and the enthalpy of a unit 
quantity of the mixture of air and water vapor. 

37. Relative Humidity and Per Cent of Saturation. The amount 
of water vapor diffused through dry air in an air-vapor mixture may 
vary from practically nothing to that necessary for saturation condi¬ 
tions. As an indication of the degree of saturation of the mixture the 
terms relative humidity and per cent of saturation are employed. 
These terms are not identical; one cannot be used exactly for the other 
as they are not interchangeable. 

Relative humidity, usually expressed as a percentage, is preferably 
defined as the ratio of the actual partial pressure of water vapor of the 
air-vapor mixture to the partial pressure normal for saturated water 
vapor at the existent dry-bulb temperature of the mixture. Per cent 
of saturation is 100 times the ratio of the weight of water vapor actually 
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held per pound of dry air to that necessary to saturate the pound of 
dry air at the same dry-bulb temperature and absolute total pressure. 

38. The Calculation of Vapor Pressures and Relative Humidities. 
The vapor pressure of an air-vapor mixture is always the pressure 
corresponding to that of saturated water vapor existing at its dew¬ 
point temperature. Since the barometric pressure and the dry- and 
wet-bulb temperatures are readily obtainable, vapor pressures may 
be secured by calculations from measured data. Equation 21 which 
follows was developed by Dr. Willis H. Carrier and affords a satisfac¬ 
tory means of making such computations. In the equation all pres¬ 
sures are expressed consistently either as absolute units in pounds 
per square inch or inches of mercury. 


Pi = p' 


ip - p') {t - 1') 
(2831 - 1.430 


where p 
Pi 
P' 
i 


= barometric pressure. 

= actual vapor pressure. 

= saturation pressure at the wet-bulb temperature. 
= dry-bulb temperature, deg F. 

= wet-bulb temperature, deg F. 


( 21 ) 


A development of equation 21 may be made by using, with proper 
substitutions, equations 18 and 31, Art. 43, as equalities. When an 
expression of an actual partial or vapor pressure is made in this manner, 
one portion of the derived equation is of such small magnitude that 
it may be safely ignored. Only those portions shown in equation 21 
are necessary for the calculation of results that are as accurate as the 
data obtained by the use of an ordinary psychrometer. The constants 
as used in equation 21 differ by small amounts from those first given 
by Dr. Willis H. Carrier. The reason is that a quantity of 0.45 Btu 
per lb of either saturated or superheated vapor is taken as the enthalpy 
change per deg F of temperature change. 

The relative humidity definition of Art 37, expressed in equation 
form, is 

100 ( 22 ) 

P. 


where pi = the actual vapor pressure of the mixture. 

Ps = the pressure of saturated water vapor at the dry-bulb 
temperature. 

Likewise an expression for per cent saturation is 
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5 = — 100 (23) 

Ws 

in which wi is the weight of water vapor in pounds per pound of dry 
air and Wg is the amount of water vapor required to saturate one pound 
of dry air at the dry-bulb temperature (dbt) of the mixture. 

Example. Find the relative humidity and the per cent of saturation for an 
air-vapor mixture existing under the conditions of a barometric pressure of 29.92 
in. of mercury (14.696 psia), 80 F dbt and 60 F wbt. 

Solution. Table 6, Chap. 1, indicates that at 60 F wbt the saturation pressure 
p' for water vapor is 0.2563 psia, and pa at 80 F dbt is 0.5069 psia. Then by equa¬ 
tion 21 the actual vapor pressure is hmnd to be pi = 0.2563 — [(14.696 — 0.2563) 
(80 - 60)]/[2831 - (1.43 X 60)] = 0.2563 - 0.1052 = 0.1511 psia. The relative 
humidity is 0 = (0.1511 X 100)/0.5069 = 29.8 per cent. The actual weight of 
water vapor required to saturate one pound of dry air. w^en the vapor pressure is 
0.1511 psia and the corresponding dew-point tempcratuiis 45.6 F, according to 
equation 18isici = (0.622 X 0.1511)/(14.696 - 0.1511) - 0.i)06461b per lb. The 
weight of water vapor required to saturate one pound of dry air at 80 F dbt is 
= (0.622 X 0.5069)/(14.696 - 0.5069) = 0.0222 lb per lb. Tln nce by defini¬ 
tion the per cent of saturation is s = (0.00646 X 100)/0.0222 = 29.1 per cent. 

The relative humidity as thus determined is not identical with the 
per cent of saturation. Relative humidity can be applied only to the 
vapor pressure in the calculation of humidity ratio (specific humidity) 
while the per cent of saturation is used to find the actual humidity 
ratio by applying it to the weight of water vapor required to saturate 
one pound of dry air at the dry-bulb temperature. 

In the foregoing and similar problems use is made of the actual 
partial pressure pi to find the dew-point temperatures. The dew¬ 
point td exists when the humidity ratio Wi (specific humidity) is suffi¬ 
cient to saturate one pound of dry air when the vapor pressure is the 
actual one of pi psia. Either Table 6, Chap. 1, or Table 9 may be used 
to find the dew-point temperature for any vapor pressure. 

39. Enthalpy of Air-Vapor Mixtures for Any Condition. The 
enthalpy of a pound of dry air and its contained moisture is often 
expressed as 

h = Cpat + '^[h/g' + Cpg{t — t')] (24) 

where Cpa = mean specific heat of air at constant pressure, 0.24. 
t = air dry-bulb temperature, deg F. 

— air wet-bulb temperature, deg F. 
w = weight of moisture per pound of dry air, lb. 
hfg' = enthalpy of evaporation at the wet-bulb temperature, 
Btu per lb. 

Cpa = mean specific heat of the vapor, 0.45, 
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The proof offered in Art. 43, in connection with an adiabatic process, 
results in equation 30 which can be arranged as 

+ '^2hfg,2 = Cpatl + Wi\hfg,2 + Cpsiti — ^2)] 

The enthalpy represented by the right-hand side of the foregoing 
statement is the same as that of equation 24 when t = ^i, t' = ^ 2 , 
w = Wiy and h/J = /i/^, 2 . 

Equation 24 docs not include the enthalpy of the liquid h/ at the 
wet-bulb temperature; only enthalpy of evaporation of dry saturated 
vapor at the wet-bulb temperature and the heat of superheat above 
this temperature are involved. If the enthalpy of the liquid h/ were 
included the equation could be written 

h = Cpat + + hjJ + Cpit(i — t')] (25) 

For practical purposes the total enthalpy of a mixture of dry air and 
water vapor may be considered as being the same for all conditions of 
constant pressure where the wet-bulb temperature does not change as 
the dry-bulb temperatures and the humidity ratios of the mixture 
vary. This assumption involves some inaccuracy. For saturation 
conditions with dry- and wet-bulb temperatures and t/ ecpial and 
with a humidity ratio the total enthalpy is not exactly ecjual to 
the total enthalpy hi for an unsaturated mixture having a wet-bulb 
temperature ti' ecpial to and a humidity ratio wi together with a 
dry-bulb temperature ti. The correct value of hs is 

hs = hi + (u\, ~ ^Vl)h/ (2G) 

where = total enthalpy for a saturated air-vapor mixture at a wet- 
bulb temperature of t/, deg F, Btu per lb of dry air and 
contained water vapor. 

hi == total enthalpy of an unsaturated air-water-vapor mixture 
having a wet-bulb temperature ti = t/y deg F, Btu per 
lb of dry air and contained water vapor. 

Ws = weight of water vapor lb per lb of dry air at wet-bulb 
temperature t/ = ti and dry-bulb temperature deg F. 

Wi = weight of w^ater vapor lb per lb of dry air at wet-bulb 
temperature ti — and dry-bulb temperature /i, deg F. 

A/' = enthalpy of the liquid at the wet-bulb temperature 
ta = tiy Btu per lb. 

When ha is known equation 26 can be used to determine hi. 

Many engineers when making air-conditioning calculations prefer 
to work with a quantity known as the sigma functioriy w^hich is equal to 
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hsf = Cpat + WihfJ (27) 

where hgf = sigma function, Btu per lb of dry air and contained water 
vapor. 

Cpa = mean specific heat of air at constant pressure, 0.2401. 

t = dry-bulb temperature of air-vapor mixture, deg F. 
wi = weight of water vapor per lb of dry air, lb. 
hfg' = enthalpy of evaporation at the wet-bulb temperature of 
the mixture, Btu per lb. 

Use of the sigma function is made to eliminate the variation of the 
enthalpy at constant wet-bulb temperature when the enthalpy of the 
liquid is involved. A correction may be made after the use of values 
of the sigma function to offset this variation. 

Attention is called to the fact that in equation 25 each degree of 
superheat of the vapor represents 0.45 Btu per lb and that in equation 
19, for saturated vapor, a change of one degree Fahrenheit tempera¬ 
ture of the fluid represents the same amount of heat, that is, Btu per 
lb of vapor. Because of this coincidence the expression 

h — CpQ,t “b tvhg (28) 

may be used to calculate the enthalpy of any mixture of dry air and 
water vapor. 

where h = total enthalpy, Btu per lb of dry air and its contained 
water vapor. 

Cpa = mean specific heat of dry air at constant pressure, 0.2401. 
t = dry-bulb temperature of the mixture, deg F. 
w = humidity ratio, weight of water vapor, lb per lb of dry air. 
hg = enthalpy of saturated water vapor at the dry-bulb tem¬ 
perature t, Btu per lb. 

Example. Find (a) the total enthalpy of one pound of dry air and the moisture 
which it carries for the following conditions: barometric pressure, 14.696 psia; 
80 F dbt; and 60 F wbt; (6) the total enthalpy of one pound of dry air when satur¬ 
ated at 60 F wbt when the barometric pressure is 14.696 psia. (c) By use of equa¬ 
tion 26 correct the result of a to the conditions of 6. 

Solution, (a) The solution of the problem of Art. 38 for the same conditions 
gave the humidity ratio w equal to 0.00646 lb per lb. Then, by equation 25, h = 
(0.2401 X 80) -f 0.00646[28.06 -f- 1059.9 + 0.45(80 - 60)] = 26.294 Btu, and, by 
equation 28, h = (0.2401 X 80) + (0.00646 X 1096.6) = 26.292 Btu. These 
computed numerical values are about 0.39 of one per cent less than the 26.397 Btu 
indicated in Table 9 for air saturated at the wet-bulb temperature of 60 F. (5) 
The moisture or water vapor required to saturate one pound of dry air at 60 F 
is w, * (0.622 X 0.2563)7(14.696 - 0.2563) = 0.01105 lb per lb. h, = (0.2401 
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X 60) + (0.01105 X 1088) = 26.428 Btu, (c) by equation 26, hs =* 26.292 -}- 
(0.01106 - 0.00646)28.06 = 26.421 Btu. 

40. Psychrometric Charts. These are diagrams which show graph¬ 
ically properties of air-vapor mixtures for conditions of saturation and 
otherwise are of great convenience in solving problems of air condition¬ 
ing. These diagrams are constructed in the form of Mollier* and 
psychrometric charts of different forms. Each has its advantages. 
One form of psychrometric chart, as devised by the General Electric 
Company and reproduced by permission, is illustrated by Fig. 5. In 
the construction of this particular chart dry-bulb temperatures serve 
as abscissas and weights of water vapor per pound of dry air along 
with the corresponding vapor pressures as ordinates. Inasmuch as 
relative humidities represent vapor-pressure ratios, curves representing 
these are placed on the diagram with dry-luilb temperatures as abscissas 
and actual vapor pressures together with the corresponding humidity 
ratios as ordinates. At saturation conditions (100 per cent relative 
humidity) the air dry- and wet-bulb temperatures and the dew-point 
temperature are identical for a definite mixture. Consequently these 
values are placed on the saturation curve directly above the dry-bulb 
temperatures. Lines representing constant wet-bulb temperatures 
are drawn diagonally from the saturation curve to fit conditions of 
higher dry-bulb temperatures and lesser amounts of moisture per 
pound of dry air. Although a line of constant wet-bulb temperature 
does not exactly represent a line of constant total enthalpy (also desig¬ 
nated as total heat), Art. 39, on this particular chart they are so used 
for one pound of dry air and its vapor content at any dry-bulb tem¬ 
perature. Therefore, lines of constant total heat or enthalpy are 
along or parallel to the wet-bulb temperature lines. Vapor pressures 
for any conditions shown on the chart are indicated at its left side, 
and a value can be obtained by passing horizontally from the point 
representing any condition to the vapor-pressure scale. Volumes of 
one pound of dry air and its contained water vapor also appear on the 
chart. 

41. Use of the Psychrometric Chart. The following examples serve 
to indicate the use of the psychrometric chart. 

Example. An air-vapor mixture has 70 F dbt and 61 F wbt when the barometric 
pressure is 29.92 in. of mercury. From the psychrometric chart of Fig. 5 find the 
volume of one pound of dry air and the moisture to saturate it, the relative humid¬ 
ity, the humidity ratio, the dew-point temperature, the vapor pressure, and the 
total heat or enthalpy of the mixture. 

* ^^Mollier Diagram for Moist Air,^^ by John A. Goff, ASHVE Guide, 1948. 
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Solution. The intersection of the vertical line through 70 F dbt and the diagonal 
line representing 61 F wbt fixes 13.54 cu ft as the volume of the mixture per pound 
of dry air and its contained water vapor and also 60 per cent as the relative humidity 
for the stated conditions. Passing from the point of intersection to the right the 
humidity ratio or specific humidity is found to be 65.5 grains of moisture per 
pound of dry air. Moving horizontally to the left from the point of intersection 
the dew-point temperature is read at the saturation curve (100 per cent relative 
humidity) as 55.5 F, and the vapor-pressure scale at the edge of the chart shows 
0.215 psia. The total heat or enthalpy is found by following the 61 F wbt line 
through the point of intersection to the total heat or enthalpy scale where 27.10 
Btu per lb of dry air are indicated. 

Whenever the barometric pn'ssure does not differ greatly from 29.92 
in. of mercury, data taken from a chart drawn for such a pressure may 
be used with small significant errors. However, when the barometric 
pressure is low the errors accruing from tlu' use of a standard chart 
may amount to more than those ordinarily permissible. 'Fhe correc¬ 
tions of some of the data taken from a standard chart may be easily 
made by the simple application of pressure ratios, but for others the 
problem becomes more complicated. When such a situation arises 
the psychrometric data can be computed almost as readily as a chart 
can be read and corrections applied to the data thus secured. 

42. Actual Psychrometric Data vs. Data from a Standard Chart. 
The following example with its tabular data will show the difference 
between chart and actual values when the barometric pressures are 
not the same. 

Example. Find by calculation the psychrometric properties of an air-vapor 
mixture for the temperatures stated in the example of Art. 41 when the barometric; 
pressure is 28 in. of mercury. Tabulate and compare the data thus obtained with 
those secured by the method of Art. 41. 

Solution. From the equations of prior articles the following may be found: 
barometric pressure p = 0.491 X 28 = 13.748 psia; vjipor pressure pi = 0.2655 — 
[(13.748 - 0.2655)(70 - 61)]/[2831 - (1.43 X 61)] = 0.221 psia; volume of the 
mixture V 2 = 1 X 53.35(459.6 -f- 70)/144(13.748 - 0.221) = 14.50 cu ft; the 

Psychrometric Properties of an Air-Vapor Mixture 

Item By Standard Chart By Calculation 


Barometer, in. of mercury 

29.92 

28.00 

Dry-bulb, deg F 

70 

70 

Wet-bulb, deg F 

61 

61 

Vapor pressure, psia 

0.215 

0.221 

Volume, cu ft per lb 

13.54 

14.50 

Relative humidity, per cent 

60 

60.8 

Dew point, deg F 

55.5 

55.9 

Humidity ratio, grains 

65.5 

71.12 

Enthalpy, Btu per lb 

27.10 

27.904 
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vapor pressure pi from Table 6, Chap. 1, is 0.3631 psia at 70 F; the relative humid¬ 
ity <t> = (0.221 X 100)/0.3631 = 60.8 per cent; the dew-point temperature is 
found from either Table 6, Chap. 1, or Table 9 as 55.9 F which is the saturation 
temperature of water vapor corresponding to an absolute pressure of 0.221 psi; 
the humidity ratio wi = (0.622 X 0.221)/(13.748 — 0.221) * 0.01016 lb per lb 
or 71.12 grains; and the total enthalpy h = (0.2401 X 70) -f (0.01016 X 1092.3) 
= 27.904 Btu per lb of dry air. 

43. Adiabatic Saturation of Air. This fundamental term^ was 
defined by Dr. Willis H, Carrier and is applicable, under certain con¬ 
ditions, in the humidification of air with an accompanying reduction 
of its dry-bulb temperature and in the drying of materials by the use 
of heated air. Air may be either completelv or partially adiabatically 
saturated with vapors from water 
and other liquids. In this dis¬ 
cussion water vapor only will be 
considered. 

Experimentally the process 
can be carried out in a well-in¬ 
sulated chamber. Fig. 6, where For adiabatic saturation ^*^2=^2^ land 2-2. 

heat is neither received from nor g Apparatus for adiabatic satur- 

given to outside bodies (adia- ation of air with water vapor, 

batic conditions) and where work 

is not done upon the air as it passes through the apparatus under a 
condition of a steady flow. The moving air stream is brought into 
intimate contact with a large surface area of a sufficient quantity of 
water held within the chamber. The process is one involving a con¬ 
dition of constant enthalpy with sensible heat being transformed to 
latent heat. For the purposes of simplicity the heat equivalent of any 
work done upon the water by a pump used to spray the water and 
thereby increase its surfaces in contact with the air will be ignored at 
this time. 

When constant and normal conditions of operation have been estab¬ 
lished, theoretically the water temperature and the final dry- and 
wet-bulb temperatures of the saturated air-vapor mixture leaving the 
apparatus are the same as the wet-bulb temperature of the entering 
air or air-vapor mixture. 

Under the conditions just specified the process of evaporating water 
in air to saturate it, by having a part of the sensible heat of the entering 
air transformed into latent heat, is that of adiabatic saturation. 

For air initially dry the heat transformation is expressed in equation 
form as 

^ Rational Psychrometric Formulae,” by Willis H. Carrier, ASME Trans., Vol. 
33, 1911. 
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hfgW^ = Cpa{t\ — t') (29) 

where h = the initial dry-bulb temperature of the air, deg F. 

= the final dry-bulb, the final wet-bulb, and the initial wet- 
bulb temperature of the air, deg F. 

Cpa = mean specific heat of air at constant pressure, 0.24. 
w' = weight of moisture per pound of dry air leaving the 
apparatus saturated at the wet-bulb temperature lb. 
hfj = enthalpy or latent heat of evaporation at the wet-bulb 
temperature Btu per lb of vapor added. 

A discussion of the enthalpy of an air-vapoi mixture tor any condition 
was included in Art. 39. Atteiit ion was called to the slight variation 
of the total enthalpy for constant wet-bulb temperature, and equation 
26 was given as a means of calculating a value si /^, for saturation 
conditions when the initial state is not that of .saturation. In the 
following discussion of adiabatic saturation of air, which is not initially 
dry, the subscripts 1 and 2 will be used to designate the range of con¬ 
ditions. The total enthalpy of one pound of dry saturated water 
vapor will be computed as 1060.8 + OAU and the enthalpy of one 
pound of the liquid at the evaporation temperature as h/ = {t — 32). 
The following energy balance may be written for air not initially dry: 

Cpah + ti^i(1060.8 + OAbii) - Wi(t2 - 32) 

= Cpat'l "f" ^^ 2 ( 1000.8 + 0 . 45 ^ 2 ) — W2{t2 — 32) 

Cpati + iyi(1060.8 + 0.45^i) -f- {w2 — Wi){t2 — 32) 

= Cpat2 “t* 'M?2(1060.8 0 . 45 ^ 2 ) 

In the foregoing equations A/, 2 is taken as equal to (<2 — 32), and 
w;i(1060.8 + 045^i) = u;i[1060.8 -f- 0.45^2 + Cpsih - < 2 )]. Also hfg ,2 
= (1060.8 + 0 . 45 ^ 2 ) — hf^ 2 - With these substitutions 

(jW2 ^i)^/( 7,2 ~ “I” Cpg'M^l)(^l ^ 2 ) (^0) 

where hfg ^2 = enthalpy of evaporation at temperature t 2 , Btu per lb. 

Theoretically ti = Ui = h where and Vi are the 
initial and the final wet-bulb temperatures, and l 2 is 
the final dry-bulb temperature, deg F. 

W 2 = final weight of water vapor per pound of dry air, lb. 

W\ = initial weight of water vapor per pound of dry air, lb. 
Cpa = mean specific heat of air at constant pressure, 0.24. 

= mean specific heat of the vapor, 0.46. 
ti = initial dry-bulb temperature of the air, deg F. 
t 2 = final dry-bulb temperature of the air, deg F. t 2 is equal 
to t' the wet-bulb temperature when the air is saturated. 
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Equation 30 may be utilized to determine the amount of moisture 
initially held by the air when the final weight of moisture per pound 
of dry air is known. Equation 30 in rearranged form is 

__ - gpa(<l - h) 

^ Ll /i 1\ wf) 

^/(7.2 “T Cps\t\ — h) 

44. Humidifying Efficiency. C'omplete adiabatic saturation is not 
always possible with commercial equipment such as air washers. 
Therefore a term known as humidifying efficiency is used to express 
the percentage of reduction of the dry-bulb temperature actually 
obtained in such equipment to that theoretically possible with com¬ 
plete adiabatic saturation of air. The maximum possible reduction 
of the dry-bulb temperature of air by the process of adiabatic saturation 
is equal to the initial wet-bulb temperature depression below that of 
the dry-bulb temperature of the entering air. Sometimes the expres¬ 
sion 1 minus the humidifying efficiency, expressed decimally, is referred 
to as the by-pass factor. Humidifying efficiency is stated in equation 
form as 

e* = 100 (32) 

where en = humidifying efficiency, per cent. 

tl = initial dry-bulb air temperature, dog F. 
t 2 = final air dry-bulb temperature, deg F. 
tl = initial air wet-bulb temperature, deg. F 

Example. Air, having dry- and wet-bulb temperatures of 95 and 75 F, is 
passed through a spray using recinuilated spray water which has acquired a con¬ 
stant operating temperature. Find the humidifying efficiency of the apparatus 
when the final dry-bulb temperature of the air is 77 F. 

Solution. 

95 - 77 

100 = 90 per cent 

95 - 75 

46. Evaporative Cooling. When conditions are favorable the partial 
adiabatic saturation of air can be used to reduce its dry-bulb tempera¬ 
ture in hot weather. As moisture must be added to the air in evapora¬ 
tive cooling the lowest dry-bulb temperature possible is that equal 
to the wet-bulb temperature of the entering air. Consequently, when 
the initial relative humidity is high the reduction of dry-bulb tempera¬ 
ture possible is less than when the air is initially drier. The addition 
of moisture to the air, in the reduction of its dry-bulb temperature, 
may render the air condition decidedly uncomfortable for human 
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occupants of a space where cooling of the air is attempted by such a 
process. 

Example. Find the final dry-bulb temperature and relative humidity of air 
washed with recirculated spray water if the air is initially at 95 F dbt with 50 per 

cent relative humidity as it enters an 
air washer which has a humidifying 
efficiency of 85 per cent. 

Solution. Figure 7 shows graphi¬ 
cally the process. Air at 95 F dbt has 
% 79 F wbt when the relative humidity 

^ is 50 per cent. The maximum reduc- 
*5 tion of the dry-bulb temperature pos- 
B sible is 95 - 79 = 16 F. The actual 
reduction of dry-bulb temperature will 
^ be 16 X 0.85 -■ i3 6 F so that the final 
5 dry-bulb temperature wd! be 95 — 

1 13.6 = 81.4 F. i^bJ^owing the wet¬ 
's bulb temperature line, line of constant 

•0 g heat or enthalpy, from 95 F dbt and 

2 50 per cent ri lative humidity to 81.4 
F dbt, indicates that the final relative 
humidity will bo 90 per cent. Air at 
81.4 F dbt will tend to be satisfactory 
from the comfort standpoint, Art. 59, 
if its relative humidity is below 55 per 

Dry-bulb temperature, deg F f^onsequently the conditions 

Fig. 7. Evaporative cooling. shown by this example are decidedly 

unsatisfactory from the comfort stand¬ 
point. Except in localities where air to be cooled has a low initial relative 
humidity, evaporative cooling in air-conditioning plants is limited in its applica¬ 
tions. 

46. Drying of Materials. The removal of moisture from materials 
which are being processed is an important item in many manufacturing 
operations. Abstraction of moisture from materials to be dried can 
be effected by the process of adiabatic saturation using heated air or 
the hot gases resulting from combustion processes. In a drier con¬ 
tact of the heated air with the moisture to be removed is not so readily 
made as is the case in apparatus where the water to be evaporated is 
sprayed into the heated-air stream or where the air is passed over 
wetted or flooded surfaces. In this operation the total heat or enthalpy 
of the air and its contained vapor remains constant, and the expression 
of heat interchange is as given by equation 30. 

The weight of dry air required per hour depends upon the weight 
of moisture to be removed per hour and the moisture pickup per pound 
of dry air. The hourly weight of air Wa lb equals Wm {w 2 — Wi). 
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The definitions of the symbols are Wm moisture to be removed, lb 
per hr; wi the initial moisture, lb per lb of dry air; and wj the final 
moisture, lb per lb of dry air. In order to arrive at a value for w^, 
the relative humidity of the air leaving the drier must be assumed. 
With the heat and the final relative humidity of the air known the 
psychrometric chart gives the final dry-bulb temperature of the air. 

Example. A drier, operated to remove 8000 lb of moisture per hour from mate¬ 
rials within it, has air leaving it with a relative humidity of 80 per cent. The 
outside air is initially at 60 F dbt and has a relative humidity of 49.4 per cent. 
The air is heated to a tt'mperature of 175 F by steam coils, and between the heater 
and the drier air inlet a drop of 5 F occurs in the air temperature. Find the weight 
of air required and the necessary amount of steam at 5 psig and 0.98 quality to 
remove the moisture from the materials, both in pounds per hour, when the 
barometric pressure is 29.92 in. of mercury. 

Solution. From the data of Table 6, Chap. 1, the vapor pressure of the outside 
air may be computed as 0.2563 X 0.494 = 0.1266 psia. This pressure corresponds 
to a dew-point temperature of 41 F and a humidity ratio of 0.00541 lb of moisture 
per lb of dry air. The total enthalpy or heat of the mixture at 60 F is 

hi - (0.2401 X 60) + (0.00541 X 1088) = 20.29 Btu per lb of dry air 

As the air is first hc'ated to a temperature of 175 F the total enthalpy or heat of 
the mixture leaving the heater is 

he - (0.2401 X 175) + (0.00541 X 1136.2) = 48.16 Btu per lb of dry air 
Likewise the enthalpy of the air-vapor mixture entering the drier is 

hi = (0.2401 X 170) + (0.00541 X 1134.2) - 46.95 Btu per lb of dry air 

From the psychrometric chart. Fig. 5 air having a total enthalpy of 46.95 Btu 
per lb of dry air and a relative humidity of 80 per cent has a dry-bulb temperature 
of 88.5 F and a humidity ratio of 164 grains or 0.02343 lb of moisture per lb of dry 
air. The moisture pickup per pound of dry air required is 0.02343 — 0.00541 = 
0.01802 lb. The weight of dry air required is 8000 4- 0.01802 = 443,950 lb per 
hr. The heat added to the air-vapor mixture in the coils is 443,950(48.16 — 20.29) 
= 12,372,885 Btu per hr. If only the latent heat or the enthalpy of evaporation 
of steam at 19.7 psia is available per pound of steam the hourly weight of steam 
required is 12,372,885 4- (0.98 X 960.6) = 13,143 lb. 

47. Air Humidification. Whenever water vapor is added to air, heat 
energy from some source is required in the process to effect a change 
of state of the necessary water from a liquid to a vaporous condition. 
With spray equipment, Fig. 273, the usual schemes employed are: 
(1) to preheat the air prior to its contact with the water, (2) to heat 
only the spray water, and (3) to moderately preheat the air and then 
bring it in contact with heated spray water. Method 2 is never used 
where the initial temperature of the air may be below 32 F as there is 
danger of ice formation in the humidifier. Some usage is made of an 
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air humidification process whereby the air is preheated and water 
vapor produced by the heating of water by steam coils in open pans is 
added to it. 

In the first method of humidification mentioned in connection with 
water sprays the water is simply recirculated, and heat is not added to 
it by a separate heater. Preheating the air, which carries an insuffi¬ 
cient amount of moisture, increases both its dry- and wet-bulb tem¬ 
peratures. The air passing through water sprays or brought in con¬ 
tact with wetted surfaces tends to become adiabatically saturated as 
some of the spray water evaporates. The complctenc.>s of the process 
is dependent upon the thoroughness with which the air is brought in 
contact with the water. Factors involved are the number of banks 
of spray nozzles used, the effectiveness of the nozzles in breaking up 
the water into a fine mist, the ratio cf air to water hanc'led, the velocity 
of the air through the spray chamber, the distance the oir travels 
through the sprays, and the insulation of the e(|uipment. Because of 
inability to satisfy all of the necessary conditions in some commercial 
apparatus (air washers) the air does not become saturated and a term 
by-pass factor, Art. 44, is applied in connection with actual perform¬ 
ance. Under favorable conditions the air can be made to leave a 
washer practically saturated and with a wet-bulb temperature very 
near to that of the entering air. The spray water also assumes a 
temperature practically the same as the wet-bulb temperature of the 
entering air. Therefore, the amount of moisture added to air uiuh^r 
the conditions of method 1 is dependent upon its wet-bulb temperature. 
In order to secure the final necessary dry-bulb temperature and rela¬ 
tive humidity the air is passed through reheater coils after it leaves the 
spray chamber. For method 3 the conditions arc different, and the 
process does not involve the principles of adiabatic saturation. 

48. Heat Ratios of Air-Vapor Mixtures. The ratio of sensible to 
total heat either added or abstracted in both air humidification and 
dehumidification processes is important. The total heat ht either 
added or abstracted as the case may be is the sum of the sensible 
heat hun and the latent heat hin- Therefore the ratio of the sensible 
heat to total heat is 


sr 



(33) 


In adiabatic saturation the latent heat involved is the weight of mois¬ 
ture added times the enthalpy of evaporation at the temperature of 
the spray water or the wet-bulb temperature of the air-vapor mixture 
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leaving the spray chamber. Sensible-heat to total-heat ratios may 
range from approximately 0.6 to 1.0. 

49. Numerical Examples of Humidification by Preheating Air. The 
various stages of preheating, humidification by adiabatic saturation, 
and reheating of air arc shown 
pictorially by a skeleton psy- 
chrometric chart, Fig. 8. 

Example. Air at 20 F dbt and 
100 per cent relative humidity when 
the barometric pressure is 29.92 in. 
of mercury (14.696 psia) is to l)c 
brought to the condition of 70 F dbt 
and 40 per cent relative humidity by 
a process including preheating, adi¬ 
abatic saturation with recirculated 
spray water held at the initial wet- 
bulb temperature of the air, and reheating after it leaves the water-spray chamber. 
When the humidifying efficiency of the apparatus is 100 per (nmt find thcj moistures 
and the heat added per pound of dry air handled and also the ratio of the sensible 
to the total heat of the final mixture. 

Solution. First locate on the psy chrome trie chart, Fig. 8, point D representing 
70 F dbt and 40 per cent relative humidity. Pass to the left to the saturation 
curve, and determine C the final dew-point temperature of 44.6 F, which is the 
dry- and wet-bulb temperature of the saturated air as it leaves the sprays. Follow 
the wet-bulb temperature line CB representing 44.6 F until it intorse(^ts at B 
with the horizontal line AB drawn through the intersec^tion of the lines denoting 
20 F dbt and 100 per cent relative humidity. The processes involved arc preheat¬ 
ing from 20 to 62 F, along A to R; humidification from B to ( 7 , with decrease of 
the dry-bulb temperature from 62 to 44.6 F; and reheating from C to D to give the 
final temperature of 70 F dbt with 40 per cent relative humidity. The chart 
shows 44 grains of moisture and 23.60 Btu per lb of dry air at the final conditions 
and 16 grains of moisture and 7.22 Btu per lb of dry air initially. The moisture 
added per pound of dry air is 44 — 16 = 28 grains or 0.004 lb, and the heat or 
enthalpy change is 23.60 — 7.22 = 16.38 Btu per lb. The latent heat or enthalpy 
of evaporation at 44.6 F is 1068.6 X 0.004 = 4.27 Btu per lb. The ratio of sen¬ 
sible to total heat added is (16.38 — 4.27)/16.38 = 0.74. 

Calculations, employing information given in prior sections of this chapter, can 
be used to check the foregoing results. Table 9 indicates saturat(Kl water-vapor 
pressures to be 0.0539 psia at 20 F and 0.3628 psia at 70 F. The final vapor pres¬ 
sure at 70 F, based on a relative humidity of 40 per cent, is 0.3628 X 0.4 = 0.1451 
psia which is the saturation pressure corresponding to a dew-point temperature of 
44.57 F. Final and initial humidity ratios W 2 and wi are W 2 — (0.622 X 0.1451)/ 
(14.696 — 0.1451) = 0.0062 lb or 43.4 grains per lb, and wi — (0.622 X 0.0539)/ 
(14.696 — 0.0539) = 0.00229 lb or 16.03 grains. The moisture added is 43.4 — 
16.03 = 27.37 grains per pound of dry air. The enthalpies per pound of dry air 
are: hi = (0.2401 X 20) -f- (0.00229 X 1069.8) =« 7.25 where hg at 20 F equals 



Fig. 8. Air humidification. 
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1060.8 -f (0.45 X 20) = 1069.8 Btu per lb; A 2 “ (0.2401 X 70) + (0.0062 X 
1092.3) * 23.58 Btu per lb of dry air and contained water vapor. The heat 
added or the enthalpy change per pound of dry air is 23.58 — 7.25 16.33 Btu. 


When the design and operation of the humidifier are such that com¬ 
plete adiabatic saturation of the air is not possible the air must be 

preheated to a higher temper¬ 
ature, if the required final 
conditions are to be obtained. 

Example. The initial and final 
conditions of a’r are to bo the same 
as in the prior problem, with the 
exception that the relative humi¬ 
dity of the air entering the reh(‘ater 
is the higho obtainable with the 
cqui]*n'on1 J.j.sed. !• md the ton»- 
perature ti wdiich the air must be 
preheated and also the humidifying 
efficiency of a washe. as used. 

Solution. The intersection of the constant weight of '.mpoi line for 70 F dbt 
and 40 per cent relative humidity and the curve for 85 per cent relative humidity 
of Fig. 9 fixes the temperatures of the air leaving the humidifying chamber as 
49.4 F dbt and 47 F wbt at point C'. Moving along the wet-bulb temperature 
line of 47 F to the constant weight of vapor line at B' it will be noted that the 
preheated air must have 67 F dbt. Hence the path of the process in preh(*ating 
from 20 F dbt and 100 per cent relative humidity is along AB^ to 67 dbt; huniidihca- 
tion along R'C' to give a condition of 85 per cent relative humidity; and reheating 
along C'D to give the desired final state. The theoretical reduction of tln^ dry- 
bulb temperature as water vapor is added is 67 ~ 47 = 20 F. The actual reduc¬ 
tion of the dry-bulb temperature is 67 — 49.4 = 17.6 F. Hence the humidifying 
efficiency is (17.6 X 100) -h 20 = 88 per cent. '^Fhe final dew-point temperature 
and the amounts of moisture and heat added are as in the previous example. 



60. Humidification of Preheated Air by Use of Heated Water. 

When spray water is heated by an independent heater it is maintained 
at a temperature corresponding to the dew-point of the air at the final 
desired conditions. 

Example. Air at 20 F dbt and 100 per cent relative humidity after being pre¬ 
heated to 40 F dbt is to be humidified and heated to give the final conditions of 
70 F dbt and 40 per cent relative humidity when the barometric pressure is 29.92 
in. of mercury. Find the heat supplied by the air and water heaters and the 
moisture added per pound of dry air, if the make-up water enters the water heater 
at a temperature of 40 F. 

Solution. A study of the skeleton psychrometric chart, Fig. 10, indicates that 
the initial and final conditions are the same as those of the examples of Art. 49 
as regards dew-point temperature, humidity ratio, moisture added, and change 
of enthalpy between points A and D. The process includes preheating from A to 



HUMIDIFICATION OF PREHEATED AIR 


49 


B, addition of moisture along some not-too-well-defined path between B and C, 
and reheating from C to D. Sometimes the path between the points B and C 
is shown as the dotted straight line joining the two. By the chart under initial 
conditions each pound of dry air has a humidity ratio w\ of 16 grains and an 



Dry-bulb temperature, degF 

Fig. 10. Air humidification wdth heated spray water. 

enthalpy hi oi 7.22 Btu per lb. For the final conditions, W 2 is 44 grains, and h 2 
equals 23.60 Btu per lb of dry air. Therefore in the completed process the moisture 
increase per pound of dry air is 44 — 16 == 28 grains or 0.004 lb, and the change of 
enthalpy is 23.60 — 7.22 = 16.38 Btu per lb. Make-up water entering the system 
has an enthalpy of the liquid which 
amounts to 8.05 Btu per lb at 40 F. 

Since the value of 16.38 Btu per lb in¬ 
cludes heat from all sources the net heat 
supplied by the heaters is 16.38 ~ (0.004 
X 8.05) = 16.35 Btu per lb of dry air 
and its contained vapor. The ratio of 
the sensible heat to the total heat 
added is 0.74, as in the first example of 
Art. 49. 

Thus far the discussion of air 
humidification has involved some 
form of spray equipment similar to 
the air washer of Figs. 272 and 
273. A simple steam-coil-heated 
open-pan humidifier, as illustrated 
by Fig. 11, permits the vaporiza¬ 
tion of water at 212 F at the stand¬ 
ard atmospheric pressure of 14.696 
psia. With such equipment the 
operations are as indicated by the skeleton chart of Fig. 12 for the 
data of the following example. 

Example. Saturated air at 20 F is to be preheated, humidified by means of 
open-pan equipment, and then reheated to give a relative humidity of 40 per cent 



(Johnson Service Co.) 

Fig. 11. Pan humidifier. 
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and a dry-bulb temperature of 70 F. Determine the necessary procedure if the 
water vapor is supplied at 212 F. 

Solution. The prior solution of this article indicated that under the initial 
conditions the dry air has 16 grains (0.00228 lb) of water vapor and 7.22 Btu per 
lb of dry air. The final conditions of 40 per cent relative humidity and 70 F 
dbt involve a dew point temperature of 44.6 F, 44 grains (0.00628 lb) of water 
vapor, and 23.6 Btu per lb of dry air. The enthalpy of dry saturated water vapor 
at 212 F is 1150.4 Btu per lb; therefore the heat added per pound of dry air as the 

vapor mixes with it is 1150.4 
(0.00628 - 0.00228) = 4.6 Btu. 
Dependent upon the initial dry- 
bulb temperature of the mix¬ 
ture entering tne humidifier the 
process may start at either /?, 
B', /y", or at any intermediate 
condition bi'tween B and of 
Fig. 1?. h he dew-ooint tem¬ 
perature for t*u' final desired 
state is 44.6 F at C where the 
enthalpy is he =* (0.24 X 44.6) 0.00628(1060.8 -f (0.45 X 44.6)] = 17.5 Btu 

per lb. When B represents the initial conditions under which the air to be 
moistened enters the humidiher its existent enthalpy is 17.5 — 4.6 = 12.9 
Btu per lb. In order to satisfy this condition the air must be preheated from 20 F 
along line AB to B. Here the required minimum temperature th may be calcu¬ 
lated from 12.9 =« 0.24^6 0.00228(1060.8 + 0.45<6). The minimum temperature 

for starting the humidification process along line BC is 43.5 F. After the air has 
received all of the required vapor between B and C additional heat amounting to 
0.24(70 ~ 44.6) -f 0.00628 X 0.45(70 - 44.6) = 6.16 Btu must be added in a 
separate heater along CD. The calculated total enthalpy at D is 17.5 -f- 6.16 = 
23.66 which checks the 23.6 Btu per lb given by Fig. 12. 

When for any reason the temperature of the initial mixture is 60 F at B' its 
enthalpy is (0.24 X 60) + 0.00228(1060.8 -(- (0.45 X 60)] = 16.82 Btu per lb. 
The enthalpy at C' is 16.82 4- 4.60 = 21.42 Btu per lb. The dry-bulb temperature 
tc' at C" is calculated from 21.42 = 0.24tc' + 0.00628(1060.8 + 0.45^cO as 61 F. 
Additional heat to be added from C' to D equals 0.24(70 — 61) 0.00628 X 

0.45(70 — 61) 2.19 Btu and the enthalpy at D is 21.42 + 2.19 = 23.61 Btu 

per lb by this method. 

The maximum temperature for these particular conditions, at which the air 
may enter the humidifier is computed from 23.60 — 4.60 = 19 = 0.24/*'^ -f 
0.00228(1060.8 -f- 0.45fft'0- This temperature is 68.8 F which is 1.2 F less than 
70 F the required terminal condition. 

These calculations indicate that the process within the humidifier follows a path 
fixed by the initial dry-bulb temperature of the air-vapor mixture entering it. 
(-alculated increases of dry-bulb temperature within the humidifier are 1.1, 1.0 
and 1.2 F respectively. The assumption is made that only heat used to vaporize 
water at 212 F is used in the humidification process and that there are no other 
sources of heat within the humidifier. This method of calculation may be applied 
when the vapor temperature is less than 212 F. 

61. Air Dehumidification. The processes of moisture removal from 
air containing water vapor include either cooling the mixture to a 



20 ^ 43.5 70 

Dry-bulb temperature, deg F 

Fig. 12. Air humidification with pan-type unit. 
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temperature whereby the required amount of vapor is condensed or 
by the use of sorbents. Sorbents are further classified as absorbents 
and adsorbents. Calcium chloride and lithium chloride are absor¬ 
bents, and when water vapor unites with them because of vapor pres¬ 
sure differences the dry-bulb temperature of the air rises as water is 
absorbed from it with a transformation of latent to sensible heat. 
Adsorbents include silica gel and activated alumina. There is no 
chemical reaction with adsorbents, but because of a difference of vapor 
pressure within and without them they pick up water vapor until they 
become inactive. Such materials are reactivated by driving moisture 
from them by the application of heat. When sorbents are used to 
remove moisture from air the dry-bulb temperature of the air rises as 
a transformation of latent heat to sensible heat occurs. Often this is 
of advantage in air cooling as sensible heat at a higher temperature 
level above that of the cooling agent is easier to remove because of 
more favorable conditions of heat transfer than exist when the heat is 
in the latent form, and the air-vapor mixture has a temperature which 
is closer to that of the coolant. In all cases where sorbents are used 
for the purpose of dehumidification the ratio of the sensible heat to 
the total heat is increased, as water vapor is removed by the action of 
the sorbent. 

62. Dehumidification of Air by Cooling Processes. Water vapor 
may be removed from air by passing it either through chilled-water 
sprays or over cooling coils. Where spray water is used it must be 
maintained at a temperature below the dew-point temperature of the 
air coming in contact with it. Either ice or mechanical refrigeration 
is necessary to cool the spray water when the water is to be used again. 
Occasionally cold well water is available for air cooling and dehumidi¬ 
fication; in such cases when it is used either in sprays or cooling coils 
the warmed water is allowed to waste to the sewer which is quite 
undesirable where water supplies are limited. Where air cooling and 
dehumidification are accomplished by means of coil surfaces the cooling 
medium held within the coil or coils must be maintained at a tempera¬ 
ture below the dew-point temperature of the cooled and dehumidified 
air. 

The process of adiabatic saturation cannot be reversed in the 
dehumidification of air as heat removal from the air-cooling medium 
takes place outside of the spray chamber or the cooling coils. 

The heat removed per pound of dry air in cooling a mixture of air 
and water vapor below its dew-point temperature includes the sensible 
heat of the dry air Cpaih — the heat of superheat of the vapor 
CpsWiiJLi — is), the heat removed from the saturated vapor W 2 (hgs — hg 2 ), 
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from air 
and vapon 


Removal of heat seS?ibte iiMt 

fromdry air, wiaiwic 

condensation 4 . a 

of vapor . ^ 

and removal 
of latent heat, heat 
of liquid, and heat 
from saturated vapor 


the heat of evaporation at the average temperature between the initial 
dew point and the final air temperature {wi — W 2 )hfgay and the 
enthalpy of the liquid between the average temperature at which 
moisture condensation occurs and the final air temperature {wi — W 2 ) 
(,h/a — A/ 2 ). The definitions of the symbols are respectively: <1 and 
t 2 the initial and final dry-bulb temperatures, Wi and W 2 the initial 
and final weights of moisture per pound of dry air, tg the dew-point 
temperature of the initial air, h/ga the heat of evaporation at the aver¬ 
age temperature at which moisture is removed, h/a the enthalpy of the 

liquid at the average tem¬ 
perature of moisture re¬ 
moval, and A /2 the enthalpy 
of the liquid at the final air 
temperature 

53. Air Cooling and De¬ 
humidification with Water 
Sprays. The theoretical 
performance of a spray 
humidifier is shown by Fig. 
13. Pieces of spray equip¬ 
ment, which are properly 
designed and carefully 
operated, give results which 
are close to those shown by 
P'ig. 13. In Fig. 13 the 
removal of sensible heat is along the constant weight of vapor 
line AB until the dew-point temperature is reached at By where 
condensation of water vapor begins. As condensation occurs along 
the saturation curve from B to C, both sensible and latent heat are 
removed. The total heat removed is the sum of the sensible and the 
latent heats. As condensation takes place the ratios of the sensible 
to the total heat change. Enthalpies of the mixture for conditions 
Ay By Cf and D are Aa, A^, Ac, and Ad. The sensible heat removed is 
Ad — Ac, and the latent heat abstracted is Aa — Ad. The sensible- 
heat ratio or sensible-heat factor {SHF) is (Ad — Ac) (Aa — Ac), 
which is an important item in air-conditioning problems. The line 
CA is a load-ratio line, and parts CD and DA represent proportionally 
the amounts of sensible and latent heat removed. 



60 83.5 

Dry-bulb temperature,deg F 


100 


Fig. 13. 


Air dohuniidificaiion 
cooler. 


with a spray 


Example. Air at 100 F dbt and 60 per cent relative humidity is to be cooled 
and dehumidified by passing it through a cold-water spray when the barometric 
pressure is 29.92 in. of mercury. The spray water, at a suitable temperature, is 
adequate in quantity for air-washer operation, and the velocity of air flow is not 
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excessive. Find the final relative humidity of the air, the moisture removed, 
the heat removed, and the ratio of sensible to total heat removed when the final 
temperature is 60 F. 

Solution. The psychrometric chart. Fig. 13, indicates wa as 175 grains of mois¬ 
ture and hA as 51.7 Btu per lb of dry air and its contained moisture at the initial 
state. Sensible heat removal along line AB with a constant weight of vapor wa 
equal to 175 grains occurs until the initial dew-point temperature, as indicated by 
the graph, is produced at 83.5 F. The air remains saturated with 100 per cent 
relative humidity as it is cooled, with the removal of both sensible and latent heat, 
to a final temperature of 60 F. Under the final conditions, with air at 100 per 
cent relative humidity, wc is 78 grains and he is 26.5 Btu per lb of dry air. The 
moisture removed is wa — wc = (175 — 78) = 97 grains or 0.0139 lb per lb of dry 
air, and the total abstraction of heat hr is Ka — he or (51.7 — 26.5) = 25.2 Btu per 
lb. The sensible heat removed is ho — he or (3().6 — 26.5) =10.1 lUu per lb. 
The ratio of the sensible heat to the total heat SHF is 10.1 -r 25.2 = 0.4. When 
this ratio is feasible the operation of the unit may be considered as satisfactory. 

The design and the operating conditions of a spray dehumidifier 
may not give the performance required to produce the state C in 
Fig. 13. When the terminal condition is at C' the humidity ratio will 
be the correct one but the air will not be saturated and its dry-bulb 
temperature will be higher than at C. The path of the process 
between A and C' will not be as previously assumed. Irrespective 
of the path followed the total heat removed will be Aa — ftc'. The 
load-ratio line will be C'A. With a higher dry-bulb temperature at 
than at C the SHF will be different and a greater amount of air 
will be required to produce the desired conditions within a spa(;e. 

64. Air Cooling and Dehumidification with Coils. When coil sur¬ 
faces are used a number of factors such as surface temperatures; areas; 
depth of sections; velocities of air flow; the refrigerant, its temperature, 
and direction of flow; the condition of the cooling surfaces, that is, 
wet or dry; and the by-passing of air over the coil surfaces affect their 
performance.^' ® 

The following discussion, dealing with finned cooling coils, involves 
consideration of the humidity method of determining their perform¬ 
ances. Figure 14 is a skeleton representation of the use of either a 
psychrometric chart as described in this book or a similar non-loga- 
rithmic one. When the inlet, and the required exit-air conditions are 
as indicated by A and Z), Fig. 14, the load-ratio line AD makes an 
angle with the horizontal. The slope of the line is dependent upon the 
existing conditions. Investigations have indicated that the path 

' “Performance of Surface Coil Dehumidifiers for Comfort Air Conditions,” 
by G. L. Tuve and J. Seigel, ASHVE Tram., Vol 44, 1938. 

• “Air Cooling Coil Problems and Their Elutions,” by L. G. Seigel, ASHVE 
Tram., Vol. 51, 1945. 
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traveled by an air-vapor-mixture process, for any particular condition, 
may be along the dotted pursuit curve A 1 without removal of sensible 
heat entirely along AB and the removal of both sensible and latent 
heat with constant relative humidity from B to 1. In any event the 
heat and moisture removals between A and D are the same whatever 

course the process follows. 
^ The same is true for another 
^ path between A and C. 

All points located on a 
relative humidity curve of a 
^ S. psychromctric chart arc uni- 

fs formly horizontally distant 

__ « from the saturation curve as 

Dry-bulb temperature, deg F shown by BD of Fi}{. 14. 

Kio. 14. Air dcihumiflificatioii with a cool- Ihe path AhCD 4oes Iiot 

ing coil. actually indicate the condi¬ 

tion of the air- vapor mixture 
as it passes through a cooling coil; it does represent on a chart the 
possible final condition of air leaving a coil operating with decreasing 
refrigerant (or surface) temperatures. 

Lines AC and AD when extended to the 100 per cent relative 
humidity curve locate C' and D' close to the apparatus dew-point 
temperatures. Apparatus dew-point temperatures are those of the 
surface areas of the spray-water droplets within spray-type humidifiers 
and the cooling-surface temperatures of coil-type dehumidifiers. 
Apparatus dew-point temperatures and the design of cooling coils are 
discussed in Arts. 409, 410, and 421. When lines AC and AD are 
extended and do not intersect the saturation curve the design condi¬ 
tions must be somewhat different than when the apparatus dew point 
can be located graphically. The discussions of Arts. 409, 410, and 
421 indicate how to find the required terminal conditions at either C 
or D. The following example illustrates the amounts of heat and 
moisture to be removed when the exit-air-vapor-mixture conditions 
have been fixed for a dehumidifier. 

Example. Air at 95 F dht and 78 F wbt is to be cooled and dehumidified by 
passing it over a refrigerant-filled coil which has sufficient depth with the tempera¬ 
ture of the refrigerant used to give a final condition of 60 F dbt and a relative 
humidity of 90 per cent. Find the heat and the amount of moisture removed 
per pound of dry air. What is the apparatus dew-point temperature? 

Solution. The skeleton psychromctric chart, Fig. 15, indicates that the initial 
moisture is 118 grains per lb of dry air with a total enthalpy of 41.5 Btu per lb, 
a relative humidity of 47.8 per cent, and a dew-point temperature of 72 F. Sen¬ 
sible heat is shown to be removed at a constant humidity ratio of 118 grains until 
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90 per cent relative humidity is reached at 75 F dbt. Following the 90 per cent 
relative humidity line until 60 F dbt is reached the final humidity ratio is 69 grains 
with a total enthalpy of 25.1 Btu per lb of dry air and contained moisture. The 
moisture removal is 118 — 69 =» 49 grains, and the heat removal is 41.5 — 25.1 == 
16.4 Btu per lb of dry air. The heat-load ratio of sensible heat to total heat 
removed is (33.8 ~ 25.1) -i- (41.5 — 25.1) = 0.53. The apparatus dew-point 
temperature is 52.5 F. 



Fig. 


15. Dehumidifieation of an air-vapor 
mixture with a cooling coil. 


As in the case of spray equipment there is a by-pass action involved. 
Unless the cooling section 
has a depth of several 
tubes the air contact with 
cooling surfaces cannot be 
as thorough with coils as is 
the case where spray equip¬ 
ment breaks the cooling 
medium into fine droplets. 

Each additional row of 
tubes in a coil adds fric¬ 
tional resistance to air flow 
which the fan must over¬ 
come with increased power 
requirements. Generally a satisfactory amount of cooling and 
dehumidification can be accomplished with a coil, operating with 
reasonable air-friction losses, to give final air relative humidities of 90 
to 95 per cent, 

66. Air Dehumidification or Dehydration by Use of Sorbents. 

Adsorbents condense water vapor on the internal surfaces of their 
porous materials which are in solid forms and include such substances 
as silica gel, activated alumina, and activated carbon. Desirable 
adsorbents must have a suitable vapor-pressure characteristic, rea¬ 
sonable first cost, sufficient moisture-adsorbing ability to avoid exces¬ 
sive bed dimensions, chemical stability, resistance to breakdowns from 
handling and reactivation, and be capable of being reactivated for 
further use, after they have been rendered ineffective by moisture 
adsorption, by the application of heat at reasonable temperatures. 
Dehumidification of air-vapor mixtures is accomplished with adsor¬ 
bents by either drawing or blowing the mixture through a bed of the 
material where the water vapor is caught and retained in the pores of 
the agent used. The action is due to surface condensation in the pores 
and the difference of the vapor pressure of water condensed in the 
pores and the vapor pressure of the air-vapor mixture. The process 
continues until the state of equilibrium exists between the vapor pres- 
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sures. There are no chemical changes in the process of adsorption, 
but heat is liberated to warm the air handled and the adsorbent bed. 
The heat of wetting for silica gel is about 200 Btu per lb of the material, 
and the total heat adsorption of this material is approximately 1290 
Btu per lb of water removed. 

The most commonly used absorbent in solid form is calcium chloride 
which has small and limited applications. Liquid absorbents are 
solutions of chlorides and bromides, such as solutions of calcium 
chloride, lithium bromide, and lithium chloride. Ethylene glycol is 
also another absorber of water vapor. Absorbents change both 
physically and chemically during the process of taking up water vapor. 

Where absorbents arc used in 
liquid form, good contact can 
be obtained by passing the air- 
vapor mixture lobe dehydrated 
over large surface areas of the 
liquid which are o]>tained by 
breaking tlie absorbent up into 
a fine mist by the means of 
nozzles. In the absorption 
process the water vapor gives 
up its latent heat of vaporiza¬ 
tion or condensation, and there 
is some heat liberated by the mixing process. In any event the dry- 
bulb temperature of the air-vapor mixture which is dehumidified 
is increased. 

For either the process of adsorption or absorption of water vapor 
from air the action is not the reverse of adiabatic saturation of air at 
a practically constant wet-bulb temperature. Where the drying 
agent is soluble in water the process takes place above the wet-bulb 
line AB, Fig. 16, along AB", or below it along IB', depending 
upon whether heat is liberated or absorbed when the agent dissolves 
in water. When an appreciable amount of heat is retained by the 
adsorber the process takes place along the line AB'. 

56. The Mixing of Quantities of Air or Air-Vapor Mixtures. Quite 
often in air-conditioning calculations it is desirable to be able to find 
the resultant temperature, the humidity ratio, and the enthalpy of the 
resulting mixture when two or more-quantities of air are combined. 
Thus, using an equation based on weights and temperatures, the 
resulting temperature of a mixture of two quantities of dry air may 
be had from 



Fio. 16. Dehumidificatioii with a sorbent. 
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where U 
h 
h 

Wal 

Wa2 


Cpatr(Wal + Wa2) “ (^paitlWal + hW02) 
_ ~l~ ^2^o2 

“>al + W^a2 


(34) 


resultant temperature, deg F. 

temperature of Wai lb of air, deg F. 

temperature of Wa 2 lb of air, deg F. 

weight of air at temperature ^i, lb. 

weight of air at temperature ( 2 , lb. 

mean specific heat of air at constant pressure, 0.2401. 


When weights of water vapor Wm\ and Wm 2 hi pounds are involved 
with dry air the following equations may be written 


Cpatr{Wal + Wa2) + Cpatr{Wnil + Wfn2) 

= Cpa(tiWal + t2Wa‘2) + (''paitlWml + 


_ Cpa(tiWai + ^2H^"a2) H~ Cpsit\ Wm\ + ^2H^m2) . 

' “ CpaiWal + Wa2) + Cps{Wrnl + ^ ^ 

in which Cpa is the mean specific heat of water vapor 0.45. Except 
where the amounts of water vapor mixed with the dry air are large, 
little difference in the value of tr as calculated by equations 34 and 35 
will be obtained. 

The resultant enthalpy in Btu per pound of dry air and its water- 
vapor content may be derived from hr{Wi + 1 ^ 2 )= hiWi + A 2 IF 2 as 


hr 


hiWi + h2W2 
IFi + ~W2 


(36) 


where hr = the resultant total enthalpy, Btu per Ib of dry air and its 
vapor. 

hi = the total enthalpy, Btu per lb of W 1 lb of dry air and its 
vapor. 

/i 2 = total enthalpy, Btu per lb of TF 2 lb of dry air and its vapor. 

The weight of water vapor per pound of dry air after mixing two 
weights, Wal and Wa 2 f each having humidity ratios wi and W 2 lb of 
water vapor per pound of dry air, is derived from Wr{Wai + Wa 2 ) = 
WaiWi + Wa 2 W 2 whereby the resultant humidity ratio is 


Wa\W\ + Wa2W2 
Wal + ~Wa2 


(37) 


Example. Twenty-thousand pounds of dry air having 100 F dbt, a humidity 
ratio of 116 grains per lb of dry air, and an enthalpy of 42.32 Btu per lb of dry air 
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and its contained water vapor are mixed with 50,000 lb of dry air having 70 F dbt, 
a humidity ratio of 66 grains, and an enthalpy of 27.11 Btu per lb of dry air and 
its vapor. Find the resultant dry-bulb temperature, the humidity ratio of the 
new mixture, and its enthalpy, when the barometer reads 29.92 in. of mercury. 

Solution. 

0.24[(100 X 20,000) + (70 X 50,000)] 

_ + 0.45[(100 X 20,000 X 0.01657) + (70 X 50,000 X 0.00943)] 

“■ 0.24(20,000 -f 50,000) + 0.45[ (20,000 X 0.01657) + (50,000 X 0.00943)] 

= 78.6-f F 


= [(42.32 X 20,000) -f (27.11 X 50,000)] ^ 


(20,000 -f 50,000) 

[(20,000 X 116)1 -f (50,000 X 66)] 
(20,000 + 50,000) 


80.3 grains 



80.3-is. 
66 ^ 


‘ 70 78.6 100 

Dry-bulb temperature,deg F 


Fio. 17. Mixing of air-vapor quantities. 


The foregoing case of the mixing of two quantities of air-vapor mix¬ 
tures may be shown graphically on a psy chrome trie chart as in Fig. 

17. Point B represents the 
final conditions after the 
I gw stated quantities of air- 
vapor as represented by the 
data at A and C have been 
mixed. 

67. Weight of Air Re¬ 
quired as a Carrier of Heat. 

In both heating and cooling 
operations air is used as an 
agent to either give up or 
receive heat. Generally speaking, the weight of air required is depend¬ 
ent upon the amount of heat to be carried and the amount of sensible 
heat given up or picked up per pound of dry air. For air giving up 
heat the amount per pound of dry air is 

Cpa(ti ~ tf) CpgWiiii tf) 

where Cpa = the mean specific heat of air at constant pressure. 

U = the initial temperature of the air. 
tf = the final temperature of the air. 

Cpa — the mean specific heat of the superheated water vapor. 

Wi — the humidity ratio per pound of dry air. 

For many calculations the portion CpsWiiU — t/) of the foregoing equa¬ 
tion may be ignored, and the weight of dry air necessary to give up II 
heat units, Btu per hour, is 
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Wa = 


H 

Cpaiti tf) 


(38) 


Where cooling is involved and the air picks up heat in a space the 
equation becomes 


Wa = 


If 

Cpa(t/ ti) 


(39) 


PROBLEMS 

1 . Find by calculation the volume and the density of 10 lb of dry air when it 
exists at —58 F dbt and a barometric pressure of 24.5 in. of mercury. 

2. (Calculate the weight of water vapor required to saturate one pound of dry 
air when at 78 F dbt and under a barometric pressure of 27.43 in. of mercury. 
Find the specific volume and the density of the mixture when saturated. 

3 . (Calculate the humidity ratio of saturated air at 78 F when the barometric 
pressure is 28.5 in. of mercury. Calculate the specific volume and the density of 
the mixture. 

4. Calculate the total enthalpy of saturated air at 72 F and a barometric pres¬ 
sure of 29.5 in. of mercury. Express as Btu per pound of dry air. 

6 . ('Ompute the enthalpy of saturated air at 60 F and a barometric pressure 
of 26.5 in. of mercury. Expnvss as Btu per pound of dry air. 

6 . Air has 88 F dbt and 72 F wbt when the barometrie pressure is 28.8 in. of 
mercury. Find its relative humidity, the percentage of saturation, and the dew¬ 
point temperature. 

7. Find the relative humidity, the percentage of saturation, and the dew-point 
temperature of air which has 90 F dbt, 70 F wbt, and is under a barometric pressun^ 
of 29 in. of mercuiry. 

8 . Calculate the humidity ratio and the enthalpy per pound of dry air for the 
(U)nditions of problem 6. 

9. Determine the humidity ratio and the enthalpy per pound of dry air for 
the conditions of problem 7. 

10 . Calculate all of the psychrometric properties of saturated air for the condi¬ 
tions of 92 F and a barometric pressure of 29.5 in. of mercury. 

11. By the use of the psychrometric chart, Fig. 5, find all the properties of an 
air-vapor mixture existing under a barometric pressure of 29.92 in. of mercury, 
88 F dbt, and 76 F wbt. 

12. Show a comparison of the actual psychrometric properties of an air-vapor 
mixture existing at a barometric pres.sure of 27 in. of mercury, 80 F dbt, and 60 F 
wbt with those read from a standard psychrometric chart for 29.92 in. of mercury 
when the temperatures are the same in both cases. 

13 . Air under a barometric pressure 29.92 in. of mercury has 80 F dbt and 60 F 
wbt. Determine by calculations the final dry-bulb temperature, the increase of 
the humidity ratio, and the heat transformation per pound of dry air if the air is 
adiabatically saturated. Check the calculations by use of a standard psychro¬ 
metric chart for a pressure of 29.92 in. of mercury. 

14 . Calculate the increase in the humidity ratio and the heat transformation per 
pound of dry air for the temperatures mentioned in problem 13 if the air is adia¬ 
batically saturated when the barometric pressure is 27.3 in. of mercury. 
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16. A piece of spray apparatus was used to partially adiabatically saturate air, 
in processing an air-vapor mixture which entered it at 80 F dbt and 65 F wbt, to 
give a final 68 F dbt condition. Find the humidifying efficiency and the by-pass 
factor of the apparatus. 

16 . Find the humidifying efficiency and the by-pass factor for spray equipment, 
using unheated recirculated spray water, which gave a final condition of 77 F 
dbt with air which entered the apparatus at 88 F dbt and 76 F wbt. 

17. Ten-thousand pounds of moisture are to be removed each hour from mate¬ 
rials which are to be dried by passing heated air over them. Air from outdoors 
at 70 F dbt and a relative humidity of 40 per cent is heated to 175 F and passed to 
the drier at 145 F dbt. The final relative humidity of the partially saturated air 
leaving the drier is 90 per cent. Steam at 20 psia and 0.97 quality is used in the 
air heater with the condensate leaving it at steam temperature. Find the weights 
of wet steam and dry air required pfr hour if the barometric pressure is 29.92 in. 
of mercury. 

18 . Air is taken from outdoors at 50 F dbt and 60 per ^ent relative humidity 
and heated by steam at 22 psia and 0.98 quality to a temperature of 165 F dbt. 
The air then enters the drier where it picks up 50,000 lb per hr of water vapor to 
give it a relative humidity of 88 per cent. Find the weights of air and steam 
re(piired in irounds per hour when the barometric i)ressure is 29 in. of mercury. 

19 . Air is to be humidified by complete adiabatic saturation. The air is initially 
at 25 F dbt with a dew-point temperature of 20 F. The air is to be preheated to 
the proper temperature, humidified, and reheated to give a final condition of 68 F 
dbt and 50 F wbt. Find the amount of water vapor and the heat added during the 
process. The barometric pressure is 29.92 in. of mercuiry. 

20 . Air is to bo brought to a final condition of 71 F dbt and 35 per cent relative 
humidity from an initial condition of 25 F dbt and 90 per (Mmt relative humidity 
by the processes of pre-heating, partial adiabatic saturation to give a relative 
humidity of 95 per cent, and reheating to the terminal condition when the baro¬ 
metric pressure is 29.92 in. of mercury. Find the moisture and the heat added 
during the operations. 

21 . Air at an initial condition of 22 F dbt and 90 per cent relative humidity is 
to be brought to 72 F dbt and 35 per cent relative humidity by bcung preheated 
to 35 F dbt and then humidified by being washed with heated spray water held 
at a temperature corresponding to that of the dew point at the final conditions. 
Reheating is to be used to give the final desired temperature and rcLative humidity. 
Find the heat and moisture added per pound of dry air and the ratio of the sensit)le 
to the total heat added. The barometric pressure is 28.95 in. of mercury. 

22 . Air at 83 F dbt and 63 F wbt is to be cooled to produce saturated air at 
50 F when the barometric pressure is 29.92 in. of mercury. The spray water is 
at a temperature below the final dew-point temperature. Calculate the amount 
of moisture and the heat removed per pound of dry air. 

23 . A spray-type air cooler reduces the dry-bulb temperature of an air-vapor 
mixture from 95 to 75 F when the initial relative humidity is 60 per cent and the 
final relative humidity is 95 per cent. The barometric pressure is 28.75 in. of mer¬ 
cury. Find the heat and moisture removed per pound of dry air. 

24 . A cooling coil is supplied with an air-vapor mixture at 90 F dbt and 40 per 
cent saturation. The apparatus discharges the air with a saturation of 90 per cent 
and 55 F dbt. Find the amount of moisture and heat removed per pound of dry 
air and the sensible-heat factor when the barometric pressure is 29.92 in. of mercury. 
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26 . A cooling coil operates to give at its outlet a 65 F dbt together with a relative 
humidity of 85 per cent when the air-vapor mixture under initial conditions has 
95 F dbt and a relative humidity of 50 per cent; the barometric pressure is 29.92 in. 
of mercury. Calculate the moisture and the heat removed per pound of dry air 
and the SHF. 

26 . Eighty thousand pounds of dry air at 80 F dbt and 60 F wbt, are mixed with 
25,000 lb of dry air at 50 F dbt and 40 F wbt. Calculate the final air temperatun', 
the humidity ratio, and the final enthalpy in Btu per pound after mixing has tak(‘n 
place if the barometric pressure is 29.92 in .of mercury. 

27 . Forty thousand pounds of dry air with 74 F dbt and 58 F wbt are mixed 
with 50,000 lb of dry air at 85 F dbt and 75 F wbt. Find the resulting dry-bulb 
temperature, the humidity ratio, and the enthalpy per pound of dry air when the 
barometer is 28.75 in. of mercury. 

28 . A room has heat losses amounting to 150,0fK) Btu per hr when its air tem¬ 
perature is maintained at 70 Air is introdu(‘ed into the room at 175 F dbt 
when the barometric pressure is 29.92 in. of mercury. Find the weight of dry air 
required per hour to serve as a carrier of heat and the volume of the air supplied 
per minute measured at 175 F. 

29 . The heat losses from a factory buihling amount to 2,000,000 Btu per hr 
when the room temperature is held at 65 F dbt. Air for heating and ventilating 
purposes is supplied to the building at 135 F when the barometric pressure is 
28.57 in. of mercury. Find the weight of air required per hour and the volumes 
of the air necessary per minute when measured at 65 F and 135 F. 
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FACTORS AFFECTING HUMAN COMFORT 

68. Foreword. If the desired results are to be obtained with either 
winter or summer air-conditioning systems, the designer of such plants 
must be cognizant of a number of factors which physiologically affect 
human comfort when such is involved. The factors include effective 
temperature, the production and n^gulation of heat in the human body, 
heat and moisture losses from the human body, ai: motion, the effects 
of cold and hot surfaces within the spaces considered, and tne stratifica¬ 
tion of air. 

69. Effective Temperature. Comfort conditions for individuals, 
excluding air odors and cleanliness, are dependent upon the dry- and 
wet-bulb temperatures of the air and its rate of motion. These three 
items collectively in various combinations produce conditions of either 
comfort or discomfort. Discomfort may come from unsatisfactory 
sensations of either heat or cold. 

The arbitrary index which combines in a single value the degree of 
warmth or cold felt by the human body in response to the air temper¬ 
ature, moisture content, and motion is termed effective temperature. 
Effective temperature cannot be measured directly but is fixed as the 
temperature of saturated still air (velocity 15-25 fpm due to natural 
turbulence) which induces the same sensations of warmth or coolness 
as those produced by the air surrounding a person. 

Figure 18 illustrates the ASHVE Comfort Chart^ as developed by 
Houghten, Yaglou, and Drinker. This chart is for still-air conditions, 
and the diagonal temperature lines represent effecti\e temperatures. 
Examination of the graph reveals that a number of combinations of 
wet- and dry-bulb temperatures and relative humidity will produce the 
same effective temperature. Two zones of comfort are shown, i.e., 
winter and summer comfort conditions which overlap to some extent. 
The optimum effective temperature for winter weather is shown to be 

1 ^^Determination of the Comfort Zone,'’ by F. C. Houghten and C. P. Yaglou, 
ASHVE Trans., Vol. 29, 1923. 

^‘The Summer Comfort Zone: Climate and Clothing," by C. P. Yaglou and 
Philip Drinker, ASHVE Trans., Vol. 35, 1929. 

^*How to Use the Effective Temperature Index and Comfort Charts," ASHVE 
Trans., Vol. 38, 1932. 
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66 F for most people. For summer conditions the chart indicates 
an effective temperature of 71 F as the one desired by most people in 
the latitude of Pittsburgh, Pa. (approximately 40.5° N), and extending 
into southern ('anada for cities not more than 1000 ft above sea level. 
Pecausc of climatic conditions effective temperatures of 73 to 74 F 
may be desirable in the southern part of the United States. This 



{From Heating Ventilating Air Conditioning Guide 194^.'* Used by permission.) 

Fio. 18. ASHVE Comfort Chart for still air (velocities of 15 to 25 fpni). 
indicates an increase of about a degree of effective temperature for 
each 5 deg of latitude decrease. 

Example. A room is to be maintained with a relative humidity of 30 per cent. 
What dry-bulb temperature is necessary to give an effective temperature of 66 F? 

Solution. Beneath the intersection of the 66 F effective temperature curve and 
the 30 per cent relative humidity curve a dry-bulb temperature of 72 F is found on 
the axis of the abscissa. 
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Example. Find the rctiuired dry-biilb temperature if a relative humidity of 50 
per cent is used with an effective temperature of 66 F. 

Solution. Below the intersection of the curves of 66 F effective temperature and 
50 per cent relative humidity find 70 F the dry-bulb temperature. 

The range of relative humidities shown in the comfort zone is from 
30 to 70 per cent. By the methods of the previous examples it may 
be shown that with 70 per cent relative humidity 68 F dbt will pro¬ 
duce 66 F ET, Although regulation of the dry-bulb temperature will 
produce the same effective temperature with either a high or a low 
relative humidity, it is not always the case that, through the range of 
conditions indicated by a constant effective-temperature line, comfort 
effects exist. Fjither extremely high or low relative humidities may 
produce discomfort regardless of the existent effective temperature. 
The comfort chart clearly indicates that the optimum effective tem¬ 
perature of 66 F for winter is lower than that which may be rccpiired 
during warm weather. 

The comfort chart, Fig. 18, is limited to use in the United States 
with certain restrictions. The winter comfort line applies where 
convection heating with a central plant is used; it does not apply 
where radiant heating alone is used and in spaces having very cold 
surrounding walls and excessive amounts of exposed glass areas. The 
summer comfort line is applicable to homes and offices where the 
occupants have been adjusted to the artificial conditions maintained. 
This latter line is not .suitable for stores, theaters, etc., where the 
periods of exposure are less than three hours. The data of Fig. 18 are 
for adults who are at rest, or only slightly active, and are normally 
clothed for the season under consideration. Increased muscular 
activity produces conditions not comparable with those of the chart. 

Air and water-vapor mixtures may have many (desirable or unde¬ 
sirable) combinations of psychrometric temperatures and velocities 
of movement in heating and air-conditioning systems. Figure 19,^ 
based on laboratory investigations, indicates effective temperatures 
that may result with various temperature and velocity combinations 
for air-vapor mixtures. Attention should be given to the note in 
connection with Fig. 19 in regard to conditions for which the data 
are true. 

Use is made of the graph by joining dry- and wet-bulb temperatures, 
located on their respective scales, by a straight line AB or any other 
straight line which may join a dry- and a wet-bulb temperature line. 
The wet-bulb temperature is never greater than the corresponding 

2 “Effective Temperature with Clothing,” by C. P. Yaglou and W. E. Miller, 
ASHVE Trans., Vol. 31, 1925. 
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(From "‘Heating Ventilating Air Conditioning Guide 1948.” Used hy permission.) 

Fig. 19. Thermometric or effective temperature chart. 

Applicable to inhabitants of the United States engaged in light muscular or 
sedentary work and wearing the customary indoor clothing where warm-air, 
direct steam, hot-water, or plenum heating systems are used. 


wet-bulb temperature. DE6 F 
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dry-bulb reading. The effective temperature existent is located where 
the air-velocity curve cuts the line AB. 

Based on still-air conditions (velocity 20 fpm) the data of Fig. 19 
indicate for the following dry-bulb temperatures: (1) below 99.5 F 
either saturated or unsaturated air has its effective temperature 
decreased as the velocity of flow is made greater; (2) for temperatures 
ranging from 99.5 to 120 F the effective temperature of the mixture 
can be reduced by increases of air velocity, provided the wet-bulb 
temperatures are low enough; (3) saturated air at 99.5 F (slightly 
above the 98.6 F normal for human blood) has a constant effective 
temperature irrespective of its velocity of flow; (4) for each temperature 
ranging from 99.5 to 120 F together with one particular corresponding 
wet-bulb temperature somewhere between 99.5 and 96 F the effective 
temperature remains constant even though the velocity of flow is 
increased; and (5) for any combination of dry- and wrt-bulb tempera¬ 
tures when both are above 99.5 F the effective temperature is made 
greater by increases of velocity of flow. 

The human body cannot lose heat from its surfaces, by the process 
of convection, when its blood temperature is less than the dry-bulb 
temperature of the air flowing over it. The body surface areas may 
receive heat from the air by convection so that losses of heat by 
evaporation from and radiation from skin areas may be equalled or at 
least partially nullified. Such actions may result in no change of 
effective temperature or an increase in its values with a greater rate 
of air motion. For the major portion of the cases involved in air 
conditioning for comfort the effects of increased air motion are reflected 
by reduced effective temperatures. 

60. Heat Production and Regulation in Man. The human organism 
is a form of heat engine which derives its energy from the combustion 
of fuel (food) within the body. This action, termed metabolism, is 
the process whereby the body produces heat and energy as the result 
of the oxidation of products within it by oxygen obtained from inhaled 
air. The rate of heat production is dependent upon the individual's 
health, his physical activities, and his environment. The normal 
blood temperature for most people in good health is 98.6 F, which is 
generally well above the temperature of the surrounding air. The 
body temperature maintained is dependent upon the heat generated 
within it and the heat lost from it by the processes of radiation, con¬ 
vection, and evaporation, either singly or in combination. The 
human organism is capable of some self-adaptation to the surrounding 
conditions, but its very sensitive methods of heat regulation are 
limited in the maintenance of heat equilibrium over a wide external 



HEAT AND MOISTURE LOSSES FROM THE HUMAN BODY 67 


temperature range. Therefore not only the amount of clothing 
worn by the individual but also his environment are important fac¬ 
tors in the loss of heat from his body which is necessary for health and 
comfort. As long as the temperature of the surrounding air is below 
that of the blood the rate of air motion has a marked effect upon the 
losses of heat from the body by the process of convection. 

In effecting loss of heat the body may react to bring more blood to 
the capillaries in the skin whereby heat losses may take place by radia¬ 
tion, convection, and some evaporation. When either the process of 
radiation or convection, or both, fails to produce the necessary loss of 
heat the sweat glands become more active, and more moisture is 
deposited upon the skin, carrying heat a\.'ay as it evaporates. As 
long as the surrounding air and objects are below blood temperature, 
heat may be removed by the methods of radiation and convection. 
When the surrounding air is above the blood temperature the process 
becomes one of heat removal by evaporation only. If the body fails 
to throw off the requisite amount of heat the blood temperature rises. 
Consequently the human individual cannot safely exist for any con¬ 
siderable period of time in an atmosphere which is saturated and which 
together with surrounding objects is above his blood temperature, as 
heat cannot be lost from the body under those conditions. 

The human body attempts to maintain its temperature when exposed 
to cold by the withdrawal of blood from the outer portions of the flesh, 
by decreased blood circulation, and by an increased rate of metabolism. 

61. Heat and Moisture Losses from the Human Body. Heat is 
given off from the human body as either sensible or latent heat, or 
both. In order to design successfully any air-conditioning system for 
spaces which human bodies are to occupy, it is necessary to know the 
rates at which the two forms of heat are given off under different 
conditions of air temperature and bodily activity. 

Figures 20, 21, 22, and 23, which were developed as results of research 
at the ASHVFi laboratory^ and which are reproduced by permission, 
supply information relative to total heat, sensible heat, and latent 
heat, respectively. Figure 20 is based on effective temperatures; Figs. 
21 and 22 employ dry-bulb temperatures. Attention is called to the 
practically uniform conditions of heat losses over a considerable range 
of effective temperature for the various rates of physical activity as 
shown by Fig. 20. Figure 22 shows the grains of moisture given oft* 
per hour by an individual when engaged in different rates of physical 

* “Heat and Moisture Tx)sses from Men at Work and Application to Air-con¬ 
ditioning Problems,” by F. C. Houghten, W. W. Teague, W. E. Miller, and W. P. 
Yant, ASHVE Trans., Vol. 37, 1931. 
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activity. The curves of Fig. 23 are also of interest as they indicate 
the percentages of sensible and latent heat as given off at different 
dry-bulb air temperatures and various rates of work. Note that some 



{Copyright American Society of Heating and Ventilating Engineers, 

ASHVE Trans., Vol. 37, 1931.) 

FiCr. 20. Relation between total heat loss from the human body and effective 

temperature for still air. 

(hirve A, men working 06,150 ft-lb per hr, metabolic rate 1310 Btu per hr. 
Curve Bj men working 33,075 ft-lb per hr, metabolic rate 850 Btu per hr. Curve 
C, men working 16,538 ft-lb per hr, metabolic rate 660 Btu per hr. Curve I), 
men seated at rest, metabolic rate 400 Btu per hr. (Curves B and D are based on 
test data which cover a wide temperature range. Curves A and C are based on test 
data at an effective temperature of 70 F and extrapolation of curves B and D which 
are from data at many temperatures. All curves are averages of data for high and 
low relative humidities; variations due to humidity are small. 

of the curves indicate that all the heat is given off by evaporation 
even though the surrounding air temperature is less than 98.6 F. 

Curve D of Fig. 22 shows that, at a dry-bulb air temperature of 
80 F, 1180 grains of moisture and 175 Btu of latent heat per hr will 
be given off by a man at rest. The latent heat at blood temperature 
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of 98.6 F may be found in Table 6, Chap. 1, as 1038 Btu per lb of 
vapor. The moisture represented by 1180 grains is 1180 7000 = 

0.1685 lb. The calculated latent heat for the conditions stated is 
1038 X 0.1685 = 174.9 Btu per hr, which checks the value of 175 
Btu per hr as read from the chart. 
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(Copyriaht American Society of Heating and Ventilating Engineers. 

ASHVE Trans., VoL 37, l!)31.) 

Fig. 21. Rolation bctwoeii sensible heat loss from the human body and dry-bulb 

temperature for still air. 

Curve Aj men working 66,150 ft-lb per hr, metabolie rate 1310 Htu per hr. 
Curve R, men working 33,075 ft-lb per hr, metabolie rate 850 Btu per hr. Curve 
Cj Jinm working 16,538 ft-lb per hr, metabolie rate 660 Btu per hr. Curve I), 
men seated at rest, metabolic rate 400 Btu per hr. Curves B and I) are based on 
test data which cover a wide temperature range. Curves A and C are based on 
test data at an effective temperature of 70 F and extrapolation of curves B and 1) 
which are from data at many temperatures. All curves arti averages of data for 
high and low relative humidities; variations due to humidity are small. 


62. Moisture Content of Air. The discussion of effective tempera¬ 
ture brought out the fact that air dry-bulb temperature, relative 
humidity, and air motion are interrelated. Once two of the foregoing 
items are fixed, the third must be whatever is required to give the 
necessary effective temperature to produce comfort conditions. 

Owing to weather conditions the moisture content of outside air 
may be low during cold weather and above the average during hot 




70 


FACTORS AFFECTING HUMAN COMFORT 


weather as the capacity of the air to carry moisture is dependent 
upon its dry-bulb temperature. This means that, in the winter, in¬ 
leakage of cold outside air, having a low-moisture content, will cause 
a low relative humidity in heated spaces unless moisture is added to 
the air by the process of humidification. In the summer the reverse 


1000 


900 


oj 800 


I 700 

I 600 

? 500 


400 


300 


100 










1 












■ 

■ 




r 




■ 

m 

n 

V 










Z 




m 

7 

.J 

L/ 





a 

m 

m 

m 





m 

n 

01 

■ 


r 






■ 


■ 

r 

B 

S 


sa 

■ 


m 

■ 

■■1 

■■■■ 

—Hgj 



■ 

■ 

■ 

□ 






t 7000 


teoooFl 


•5000 


4000 


•2000 


30 


40 50 60 70 80 

Dry-bulb temperature, deg F 


90 


(Copyright American Society of Heating and Ventilating Engineers. 

ASHVE Trans., Vol. 37, 1031.) 


Fig. 22. Latent heat and moisture loss from the human body by evaporation in 
relation to dry-bulb temperature for still-air conditions. 

('urve A, men working 6(5,150 ft-lb per hr, metabolic rate 1310 Btu p(*r hr. 
Curve R, men working 33,075 ft-lb per hr, metabolic rate 850 Btu per hr. Curve C, 
men working 16,538 ft-lb per hr, metabolic rate 660 Btu per hr. Curves D, men 
seated at rest, metabolic rate 400 Btu per hr. Curves B and D are based on 
test data which cover a wide temperature range. Curves A :md C are based on 
test data at an effective temperature of 70 F and extrapolation of curves B and D 
which are from data at many temperatures. All curves are averages of data for 
high and low relative humidities; variations due to humidity are small. 


is likely to occur unless moisture is removed from the inside air by a 
dehumidification process. This is especially true if the space is 
densely occupied by people, if sources of moisture such as steam tables 
and coffee urns in restaurants are present, and if the outside air is 
humid. 

For economic reasons the inside air temperature of heated structures 
should be carried as low as is possible and that of cooled structures as 
high as is possible and still produce conditions of comfort. For people 
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normally clothed and slightly active the usual inside specified air tem¬ 
perature at the breathing line (5 ft above the floor) is about 70 F in 
the winter time and somewhere around 80 F in the summer. 

A deficient amount of moisture in air maintained at 70 F, in the 
winter, will result in more rapid evaporation of moisture from the 
individuals exposed skin surfaces so that it may be necessary to main¬ 
tain a dry-bulb temperature of the air anywhere from 71 to 75 F to 



{Copyright American Society of Heating and Ventilating Engineers. ASHVE Trans., Vol. S7, 1931.) 

Fig. 23. Heat loss from the human body by evaporation, radiation, and eoii- 
vection in relation to dry-bidb temperature for still-air eonditions. 

Curve A, men working 66,150 ft-lb per hr, metabolic rate 1310 Btu per hr. 
Curve B, men working 33,075 ft-lb per hr, metabolic rate 850 Btu per hr. Curve 
Cj men working 16,538 ft-lb per hr, metabolic rate 660 Btu per hr. Curve Z>, men 
seated at rest, metabolic rate 400 Btu per hr. Curves B and D are bascnl on test 
data which cover a wide temperature range. Curves A and C are based on l(\st 
data at an effective temperature of 70 F and extrapolation of curves B and 1) which 
are from data at many temperatures. All curves are averages of data for high and 
low relative humidities; variations due to humidity are small. 

produce a sensation of comfort for the individual. The higher inside 
air temperature thus required results in increased operating costs of 
the heating plant, and the further decreased relative humidity of the 
air may cause injury to woodwork, furniture, etc., and to the surfaces 
of the nasal passages of the occupants. Excessive moisture in the 
air, in either summer or winter, will result in a condition of discomfort 
at a given dry-bulb temperature owing to the fact that heat losses 
from the human body by the process of evaporation are materially 
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reduced. In summer cooling, the moisture content of the air must be 
reduced to the proper value for comfort by the process of dehumidifica¬ 
tion. In selecting the proper dry-bulb air temperature for either 
summer or winter conditions the designer must be influenced by the 
practical consideration of relative humidities which are feasible. In 
general for winter conditions, in the average residence, relative 
humidities above 35 to 40 per cent are not practical. In summer com¬ 
fort cooling the air of the occupied space should not have a relative 
humidity above 50 per cent. With these limitations as to relative 
humidity the designer may determine from the Comfort (fliart, Fig. 
18, the necessary dry-bulb tem])eratures for the air. In industrial 
air conditioning where relative humidities either higher or lower than 
those mentioned for residence work are imperative it will be necessary 
to design and equip the structure so that the required relative humidi¬ 
ties are feasible and practical. 

63. Air Motion. In all systems of heating, except radiant heating, 
and in all systems of summer cooling the air of the space (conditioned 
ultimately becomes a carrier of heat. In heating, the air gives up 
heat; in cooling, it absorbs heat. Therefore if uniform conditions arc 
to be obtained the air must be properly distributed throughout the 
spaces served. This is necessary in order that the heat either be 
properly supplied or removed, and it is also necessary to prevent the 
concentration of moisture, odors, toxic gases, etc., in various locations. 
No system of heating, ventilating and air conditioning is either satis¬ 
factory or successful unless the air handled is properly circulated and 
distributed. 

The velocity of the air in the occupied zone is important as it must 
never be such as to produce an objectionable draft. The air velocity in 
the occupied zone ordinarily should not exceed 25 to 40 fpm in summer 
and winter installations and should be just enough to give a pleasant 
feeling. The air velocities in the space above the occupied zone may 
be anything which is necessary to produce good distribution of the air 
in the space, provided of course that the air in motion does not produce 
an objectionable noise. Whenever possible the flow of air should be 
toward the faces of the individuals in the occupied zone rather than 
from the rear. 

64. Cold and Hot Surfaces. Discomfort may be occasioned by the 
presence of either cold or hot objects in a space. In winter heating, the 
flow of heat is outward from the air of a heated space to the outside air. 
Areas where the transmission of heat occurs are walls, windows, doors, 
ceilings, floors, etc. Irrespective of the building construction the 
inside-surface temperatures of such areas will always be less than that 
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of the air inside the room when an outward flow of heat takes place. 
The amount of lowering of the inside-surface temperature is dependent 
upon the outside-air temperature, the inside-air temperature, and the 
resistance which the wall, window glass, etc., offers to the flow of heat. 
Areas through which heat flows rapidly will have a lower inside-surface 
temperature than those having a lesser rate of heat flow for the same 
inside-outside air-temperature differential. Cold surfaces at the 
insides of walls and windows receive heat from the bodies of room 
occupants by the process of radiation. This loss of heat from the 
human body often causes a sensation of chilliness and discomfort. 
The inside-surface temperatures of walls may be increased by the use 
of insulation to reduce the rate of heat transmission. The inside-sur¬ 
face temperatures at glass areas, such as windows, can be increased 
by the use of two or three panes of glass, separated from each other 
by air spaces, to reduce the amount of heat lost through the glass. 
Storm sashes properly fitted to windows are effective in reducing the 
loss of heat through such areas and also in preventing the inleakage of 
cold air which often produces objectionable drafts as well as an 
increased heating load. Walls and windows which are resistant to 
the flow of heat are also of benefit in summer cooling installations in 
relieving the plant of load and in the production of more comfortable 
conditions in the air-cooled space. Hot objects such as industrial 
furnaces and heated materials which are being cither processed or 
fabricated are sources of heat. 

Radiant heat from various sources may be received by the surfaces 
of the human body to produce a sensation of heat, and furthermore 
heated objects may also liberate heat by the process of convection to 
produce unsatisfactory air temperatures. Therefore the temperatures 
of surfaces to which the body may be exposed are of considerable 
importance in the design of heating, ventilating, and air-conditioning 
systems. A discussion of heat transfer by radiation is given in Art. 
17. Material relative to the control of body surface temperatures, 
through the agency of radiation processes, is included in Chap. 12, 
Panel Heating. 

66. Air Stratification. Air when heated becomes less dense and rises 
to the upper part of its confining envelop when subject to the action of 
gravity alone. This action occurs in the heated spaces of structures 
no matter what type of heating system is employed. The result is that 
there may be a considerable variation in the air temperatures between 
the floor and the ceiling levels. The movement of the air to produce 
the temperature gradient from floor to ceiling is termed air stratifica¬ 
tion. Certain types of heating systems and certain arrangements of 
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heating systems do more to reduce the stratification of air than others. 
The reduction of the stratification of air in a space is important from 
two standpoints: (1) reduction of the heat losses from the upper portion 
of the room, and (2) the maintenance of comfortable air temperatures 
in the occupied zone. 

Generally heating specifications call for the maintenance of a definite 
air temperature at the breathing-line level, which is 5 ft above the 
floor. When an adult is standing most of his body is below the 5-ft 
level; when he is seated all of it is below that level. Therefore if a 
large temperature gradient exists between the floor and the 5-ft level 
the body is in an atmosphere which may be too cool for comfort. 
Consideration should always be given to the problem of reducing air 
temperature gradients to a minimum, and, when necessary, the inside 
air temperature desired should be specified at the 30* In. level, which is 
midway between the floor and the so called breathing-line level. 

66. Appraisal of Comfort Conditions. An evaluation of comfort 
conditions should include a study of the effects of radiation, air dry- 
bulb temperatures, relative humidities, and air motion. The ASHVE 
Comfort Chart, Fig. 18, is based on the last three items enumerated, 
the data for which may be obtained by the use of a suitable hygrometer 
or psychrometer and a means of determination of air velocities. For 
low velocities of air flow either the Kata thermometer, Art. 278, or a 
hot-wire anemometer may be used. The hot-wire anemometer has a 
fine bare resistance-wire clement maintained at a constant temperature 
above that of the air by means of measured electrical current. The 
amount of current flowing varies as the rate of air flow changes and 
from calibration data the velocity of the air may be ascertained. 

When thermal interchanges take place the following instruments'* 
are of use in the appraisal of conditions as they affect the comfort of 
the human body: globe thermometer, eupatheoscopc, thermo-integrator, 
heated globe, and the Kata thermometer. 

A globe-thermometer unit consists of an ordinary mercurial ther¬ 
mometer, Fig. 24, placed so that its bulb is at the center of a blackened 
hollow sphere which has a diameter of 8 in. The thermometer receives 
radiant heat from all directions when the instrument is properly sus¬ 
pended and provides a means of measuring radiant effects. Inasmuch 
as the human form is not a sphere the instrument has limitations in 

* Measurement of the Physical Properties of the Thermal Environment,^’ by 
D. W. Nelson, F. R. Bichowsky, L. M. K. Boclter, R. S. I^ill, A. P. Gagge, John 
A. Goff, A. E. Hershey, F. C. McIntosh, F. W. Reichelderfer, G. L. Tuve, and 
C. P. Yaglou, ASHVE Journal Section of Heating, Piping and Air Conditioning, 
June, .1942. 
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measuring the effects of radiant heat upon the body surfaces. Con¬ 
sequently the direction from which the radiations come should be 
taken into account as the projected areas of the human form vary 
considerably. 

When the radiant surfaces are warmer than the ambient air sur¬ 
rounding the instrument the temperature measured by the thermom¬ 
eter within the globe is greater than 
that of the surrounding air as indi¬ 
cated by a properly supported and 
shielded thermometer. The reverse 
is true when the surrounding room- 
wall and other surface areas are 
cooler than the air of the space. A 
globe thermometer comes into equi¬ 
librium with its surroundings rather 
quickly, and the effects® of radiation 
and convection can be shown to 
balance each other. Air velocities 
existent in the vicinity of a globe 
thermometer can be measured by 
means of either a Kata thermometer 
or a hot-wire anemometer. Calibra¬ 
tion of a globe thermometer involves 
data pertinent to the readings of the 
internal thermometer, the room air 
temperature, and the velocity of air 
flow. From these data the mean 
radiant temperature existent can be established by means of some 
form of a graph or chart. 

The eupatheoscope is a device designed to measure the effects of 
radiation upon the human body. The instrument consists of a 
blackened hollow copper cylinder of 7^-in. diameter and 22-in. height, 
which gives the proper surface area. The cylinder surface is main¬ 
tained at 80 F (the approximate mean surface temperature of the 
human body) by two thermostatically controlled electric bulbs. A 
portion of the lamp current is passed through a coil wound around a 
mercury thermometer which furnishes a measure of the heat necessary 
to maintain the surface temperature of the cylinder at the required 
value. The thermometer indicates the so-called equivalent tempera¬ 
ture. This instrument has been used in connection with studies of 

® “The Globe Thermometer in Studies of Heating and Ventilating, by Bedford 
and Warner ,Journal of Hygiene^ Vol. 34, 1934. 



Fig. 24. Globe thermometer. 
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the performance of direct steam radiators, as a control in radiant- 
heating systems, and as a measure of cooling effects in occupied spaces. 
The device has limitations when the room air is warmer than the 
desired surface temperature and when it is too cool for the lamps to 
maintain the proper surface temperature. 

The thermo-integrator® consists of an electroplated hollow copper 
cylinder made of metal about 0.05 in. thick. The cylinder has a 
diameter of 8 in., a length of 24 in., and hemispherical ends. Each 
end has, located on the longitudinal axis of the device, an externally 
threaded nipple with an internal bore of ^ in. and a length of approxi¬ 
mately one inch. Each nipple has a threaded cap with a central 
opening. One brass cap has a -J^in. round brass rod, and the other 
cap has a -J^-in. copper tube passing through it into the cylinder. The 
rod and the tube are insulated from the caps, i>i e^ich case by means of 
a rubber stopper, through which they pass. A suitable length of No. 
24 nichrome wire joins the inside end of the rod with that of the tube 
and serves as an internal heater for the instrument. Air stratification 
and convection movements within the instrument are minimized by 
evacuating the cylinder through the copper tube until the internal 
air pressure is less than 0.1 per cent of an atmosphere. The heater 
circuit embodies two 6-volt storage batteries, and adjustments are 
made to deliver as uniformly as possible 21.5 watts of energy to the 
heater. This arrangement permits the instrument to dissipate 17.5 
Btu per hr per sq ft of surface. The average surface temperature is 
measured by eight iron-constantan thermocouples placed about the 
surface of the cylinder and connected in parallel to an automatic 
recorder. 

In use the thermo-integrator is operated with a constant current 
of 2.5 amperes Avith frequent checks of the voltage drop across the 
heater to insure the proper wattage input. Temperatures of the 
ambient air and the surfaces of the cylinder are measured after equilib¬ 
rium conditions have been established for the instrument in the space 
under consideration. The surface temperature of the thermo¬ 
integrator is affected by radiation together with room-air temperature 
and movement. The effects of the relative humidity of the room air 
are not included. Relative humidity has an effect on comfort condi¬ 
tions. However, greater changes of relative humidity may be required 
to affect comfort conditions that are resultant from the effects of 
changes of the amount of radiant energy involved. 

® ^‘The Thermo-Integrator—A New Instrument for the Observation of Thermal 
Interchanges,^^ by C.-E. A. Winslow and Leonard Greenburg, ASHVE Trans,y 
Vol. 41, 1935. 



PROBLEMS 


77 


The thermo-integrator sums up all radiation effects in a room. 
When the instrument is properly calibrated it can be used to measure 
them by subtracting from its measured total-heat losses those occa¬ 
sioned by the room-air temperature and velocity. 

The Kata thermometer may be used as a wet-bulb instrument in 
the study of cooling effects in the appraisal of comfort conditions. 
This device has limitations in its use. 

PROBLEMS 

1. What is the effective temperature of still air having dry- and wet-bulb 
temperatures of 70 and 58 F? Are conditions favorable for winter comfort? 

2 . Air is at 72 F dry-bulb temperature and 10 per cent relative humidity. 
What is the effective temperature if the velocity is 20 fpm ? 

3. Still air under summer conditions has a dry-bulb temperature of 83 F and 
50 per cent relative humidity. What is the effective temperature? 

4 . Air moves with a velocity of 200 fpm when its dry- and wet-bulb tempera¬ 
tures are 93 and 57 F. What is the effective temperatiire? 

6. What is th(i effective t(*mperature for the following conditions: air velocity, 
100 fpm; dry-bulb temperature, 103 F; and wet-bulb temperature, 55 F? 

6. Air moving at a velocity of 20 fpm has a dry-bulb temperature of 120 F 
and a wet-bulb temperature of 100 F. What is the effective temperature of the 
air? 

7. Find the effective temperatures for air at 115 dbt and 103 F wbt for velociti(*s 
of 20 fpm and 300 fpm. 

8. What total heat will be given off, Btu per hour, by a man working at the 
rate of 33,075 ft-lb per hr in an atmosphere having an effective temperature of 84 F? 

9 . What total sensible heat is given off, in Btu per hour, by an individual at 
rest in an atmosphere having a dry-bulb temperature of 80 F? Wliat amount of 
latent heat and how many grains of moisture are given off per hour under the same 
conditions? 

10. Find the sensible heat, the latent heat, and the moisture given off per hour 
by an individual working at the rate of 16,538 ft-lb per hr when in an atmosphere 
having a dry-bulb tcunperature of 70 F. 

11. What percentage of the heat given off by an individual at rest in still air 
having a dry-bulb temperature of 85 F is sensible heat? latent heat? 

12 . At what dry-bulb temperature will 90 per cent of the heat given off by an 
individual working at the rate of 33,075 ft-lb per hr be by evaporation? 
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HEAT TRANSMISSION AND HEAT LOSSES FROM 
BUILDINGS 

67. Foreword. No building is impervious to the flow of heat 
through its enclosing walls, windows, floors, ceilings, etc. The same 
thing is true also in regard to the inleakage of outside air (infiltration) 
and the outward leakage of inside air (exfiltration) through porous 
walls and through cracks in the walls and about window and door 
openings. 

Normally the flow of heat is from a region of higher to one of lower 
temperature. Therefore, during the winter when the outside air 
temperatures are lower than those inside, a structure suffers losses of 
heat. The converse is true in the summer when cooling of a building 
may be necessary to maintain the inside temperatures at a lower 
value than that of the outside air, so that the building has a gain of 
heat. Whether the load be that of summer cooling or winter heating, 
the items of heat transmission through the building materials and air 
infiltration are large factors of the total plant load to be either sup¬ 
plied or abstracted. 

Each structure presents an independent problem with its materials 
of construction, design, location, and care and workmanship of con¬ 
struction. Every structure is an integral part of the plant which 
serves it, and the performance of either a heating or a cooling plant is 
influenced by the individual characteristics of the building served. 

68. Heat Transmission of Building Materials. In Arts. 15, IG, and 
17, it was shown that heat may be disseminated by conduction, con¬ 
vection, and radiation. The transfer may take place by any of the 
foregoing methods, singly or collectively. In respect to building 
materials the transmission of heat is affected by the following items: 
(1) their character and thickness, (2) their arrangement in the building 
construction, (3) the temperature differences maintained, (4) their 
mean absolute temperatures, (5) the movement of air over exposed 
surfaces, and (6) the time interval during which the flow of heat occurs. 

69. Overall Coefficient of Heat Transmission. The calculation of 
the heat transmitted by either conduction, convection, or radiation 
involves the use of surface temperatures, which are often difficult to 
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obtain. Therefore a coefficient of heat transmission is desirable which 
takes into account the effects of conduction, convection, and radiation 
together with the kind, thickness, and placement of the materials and 
which may be used with the difference of the air temperatures existent 
adjacent to each side of either the wall or other section under considera¬ 
tion. Such a numerical quantity is the overall coefficient of heat 
transmission, ?/, which is defined as the amount of heat, in Btu per 
hour, transmitted per square foot of area of the existent section per 
one degree Fahrenheit of inside- and outside-air-temperature difference. 

In equation form, the expression of the transmission of heat through 
each component portion of the enclosing envelope of a space is 

II = UA{t- to) (40) 

where II — heat transmitted per hour, Btu. 

U = overall coefficient of heat transmission. 

A = area of wall, floor, ceiling, roof, or glass, sej ft. 
t = inside air temperature, deg F. 
to = outside air temperature, deg F. 

The overall coefficient of heat transmission for a wall section may be 
determined either experimentally or by calculations involving the use 
of known data for the materials included. The experimental deter¬ 
mination of overall coefficients is both laborious and expensive for all 
the building materials and the combinations in which they may be 
used in walls. Experimental determinations of U are used largely to 
check the accuracy of valiK^s determined by calculation as the neces¬ 
sary data for the calculations can be found with a smaller amount of 
test work. 

70. Experimental Determination of Overall Coefl5cients of Heat 
Transmission. The commonly used method of determination of the 
coefficient U is that of the guarded hot box,^ Fig. 25. The apparatus 
consists of an outer box made of five insulated walls each containing 
3 in. of corkboard or its eciuivalent and of 5 ft X 5 ft inside dimensions. 
Within the outer box is an inner box with five insulated walls each 
containing 2 in. of corkboard or its equivalent and of 3 ft X 3 ft inside 
dimensions. The open sides of the two boxes are placed in the same 
plane with uniform spacings between all the other corresponding walls 
of the inner and outer boxes. The wall test specimen is clamped 
tightly against the edges of the inner and outer boxes at their common 
open side, the joints between the wall edges and the test specimen 

' “Standard Code for Heat Transmission through Walls,'' ASHVE Trans., 
Vol. 34, 1928. 
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Insulation Equivalent 
to 3 in. of Corkboard 


Insulation Equivalent 
to 2 in. of Corkboard 


being made tight by means of gaskets. The same uniform air tem¬ 
perature conditions are maintained by the use of non-luminous elec¬ 
trical heaters and motor-driven fans both within the inner box and 

the air space between the 
inner and the outer boxes. 
The electrical input to the fan 
and the heater unit of the 
inner box, reduced to Btu, is 
a measure of the heat dissi¬ 
pated through an area of A of 
the tost wall section which is 
exposed to the interior of the 
inner box. '^Fhe purpose of 
the fanr^ in connection with 
the electrical boaters in all air 
spaces is to give a gentle air 
motion to prevent great vari¬ 
ations in air temperature due 
to stratification in the spaces. 
Measurements to secure the 
average air temperature t 
within the inner box are neces¬ 
sary. The same is true in 
regard to the temperature of 
the air to in contact with the outer surface of the test specimen. 
The overall coefficient of heat transmission is calculated from the 
test data as 



Fio. 25. Guarded hot box. 


Watt-hours in put per hour to inner box X 3.412 
A{t - to) 


(41) 


The Nicholls heat meter^ has been developed for use in the determi¬ 
nation of the overall coefficients of heat transmission of actual build¬ 
ing walls in place and subjected to actual weather conditions. The 
apparatus consists of a piece of Bakelite ^ in. thick and 2 ft square 
fitted with a number of commonly connected thermocouples embedded 
flush with its surfaces. The thermocouples measure the difference in 
electrical potential caused by the temperature differential between the 
two surfaces of the plate when it is firmly clamped to the test wall. 
The meter is calibrated in terms of the hourly quantities of heat, Ht, 
passing through the plate when various electrical potential differen- 

* Measuring Heat Transmission in Building Structures and a Heat Transmission 
Meter,” by P. Nicholls, ASHVE Trans., Vol. 30, 1924. 
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tials exist. When the inside and outside air temperatures are known, 

U = A(t - to). 

71. Calculation of U. Heat passing through a building wall com¬ 
posed of a single homogeneous material, as in Fig. 26, is received at the 
wall surface exposed to the region of higher air 
temperature by two methods, radiation and con¬ 
vection. The flow then takes place by conduction 
through the material to the surfa(;e exposed at the 
region of lower air temperature where the heat is 
dispersed through the processes of radiation and 
convection. 

Figure 26 represents a case where the inside air 
temperature ^ of a room is greater than the out¬ 
side air temperature. The inside wall-surface 
temperature is represented by h and the outside 
wall-surface temperature by The temperatures 
drop in numerical value from t to t„y and the rates 
of drop arc dependent upon the resistances which are offered to heat 
flow. 

The amount of heat If entering the wall per hour per unit of area is 
fixed by the temperature drop t — t\ and the combined coefficient 
of radiation and convectionwhicdi is effective at the warmer surface 
of the wall. The hourly quantity of heat If received per unit area 
(1 square foot) of the wall is fi{t — ^i). The foregoing quantity of 
heat then flows by conduction through the material from the surface 
at a temperature of to the surface having the lower temperature 
of / 2 - The heat transfer by conduction. Art. 15, is II — {k/x){ti — t>>) 
Btu per hr per sq ft. The symbol x designates the material thickness 
in inches, h is the thermal conductivity; it is the amount of heat in 
Btu per hour passing by conduction throuji^h a section of the material 
one inch in thickness and one square foot in area, per one degree 
Fahrenheit difference between the temperatures of the surfaces. 
Finally the loss of heat from the surface having the lower temperature 
of ^2 is = fiAh — to) where/o is the combined effect of radiation and 
convection for the conditions which prevail at the wall surface of 
lower temperature. The items/oand/j, designated as surface conduct¬ 
ances, are expressed as Btu per hour, per square foot of surface, per 
degree Fahrenheit of temperature difference and are markedly affected 
both by air movement and the nature of the wall surface. When the 
wall surface conditions and the air movement are different at the two 
surfaces, fi and /« are not equal, and {t — ti) and (^2 — to) cannot be 
equal. 
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As the same quantity of heat is involved in each of the examples of 
transmission cited for Fig. 26 and is also equal to U{1 — LO, then 


If = fi{l - h) = - {h - h) = foit. - to) 

X 


- to) 


and 


and 


U 

fi 


(t - 1„) = a - h) 


I hr 


(I - lo) = ih- h) 


Hence 


U 

fo 


(I - L) = {1-2 - lo) 


(U U Ux\ ^ 

\u 7 . t ; *' ■ '•> “ <' ■ 


2 ■“ '«) f" ‘Jl — t’l) 


and 


U = 


(t - lo) 




(42) 


The fractions of the denominator of equation 42 are resistances to 
heat flow. The film or surface resistances are i/fi = Ri and \/fo = 

Kol the resistance to heat transfer by con¬ 
duction x/k = Rc- The sum of Ri^ Rq, and 
Rc is equal to Rty the total resistance for a 
simple wall. U the overall coefficient of 
heat transmission is equal to the reciprocal 
of Rt and is 



-t4 
• to 


(7 = .1 = --}- 

Rt Ri Ro Rc 


(43) 


Fig. 27. Compound wall. 


72. Transmission Coefficients for Com¬ 
pound Walls. When building walls are con¬ 
structed of layers of different materials, Fig. 
27, and when air spaces are placed between 


materials, as shown by Fig. 28, modifications of equation 42 are 
necessary. The equation changes must take into account the con¬ 
ductivities and thickness of the materials and the additional surfaces 
by which heat enters and leaves the materials. For the wall illustrated 
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by Fig. 27, equation 42 would merely be extended to include the extra 
thicknesses of materials and is expressed 




1 


^ + i + + 5 + S 

/i f. h h h 


(44) 


A conductance, C, is defined as the amount of heat in Btu per liour 
passing through one square foot of area of any 
material of the thickness and arrangement 
stated, per one degree Fahrenheit difference of 
the material surface temperatures. Note ihat 
a conductance is always written into the equa¬ 
tion for U as 1/C, and never otherwise. The 
term a is used to designate the conductances of 
air spaces of various widths and various air 
temperatures. Values for air-space conduc¬ 
tances are given by Fig. 31. 

The expression of U for the compound wall 
of Fig. 28, which includes several materials and 
an air space, is 



Fm. 


28. Wall 
air space. 


with 


1 




1 


1 Xi 1 Xii . Xi 

ft fo fci a kz ki 


(45) 


Fcpiation 45 may be modified to include any number of materials of 
different thickness and any number of and width of air spaces. A 
conductance of 1.10 is commonly applied where the width of an air 
space is greater than 2 in., as in Fig. 32 and Tables 13 and 14. 

Typical walls of wood frame construction having air spaces are 
shown by Fig. 29.^ Actual temperature gradients through the walls 
are given for both wind and still air conditions at their exteriors. 

73. Surface or Film Conductances. The inside-surface conduct¬ 
ance fi and the outside-surface conductance fo are affected by the 
surface material, its condition as to finish, the surface temperature, and 
the temperature of the adjacent air. With still air in contact with both 
the inner and outer surfaces and with all other conditions identical /i 
and fo are equal for a given material. 


“ “Investigation of Heating Rooms with Direct Steam Radiators Equipped witli 
Enclosures and Shields,” by A. C. Willard, A. P. Kratz, M. K. Fahnestock, and S. 
Konzo, University of Illinois Engineering Experiment Station Bulletin 192. 
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Air movement over the surface of a material very definitely increases 
the surface conductance. The rate of increase is nearly directly pro¬ 
portional to the increase of air velocity over a given material under 
fixed conditions. The rate of change of the surface conductance with 
air-velocity change varies with the material, being more for some 
materials than for others. Surface conductances for all materials at 
conditions of constant air velocity increase with an increase of mean 
temperature. The mean temperature is the average of the surface 
temperature and the temperature of the adjacent air which may be 



Fig. 20. Temperature gradients through walls of frame eonstruetioii. 


measured at a distance of one inch from the surface. Air tempera¬ 
ture gradients may exist at a distance as far out as in. from the 
surface with air velocities of one mile per hour and at a distance not to 
exceed one inch from the surface with air velocities exceeding 5 mph 
with the test surface mounted in the side of a duct wall. With air 
velocities in open spaces their gradients or variations are effective 
for distances of 10 to 13 in. from the surface for velocities up to 30 mph. 

Under service conditions the air movement may be either parallel to 
the wall surface or at some angle to it. Angular incidence of the air at 
the surface tends to reduce the surface coefficient some for otherwise 
fixed conditions. However, the general practice is to assume air flow 
parallel to the surface. 
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Values oifi vary from 1.4 to 2.1 for still-air conditions with different 
materials, surface conditions, and mean temperatures. The variation 
of the conductance fo^ for conditions of parallel air flow at several 
velocities, with different materials and surfaces all with a mean tem¬ 
perature of 20 F, is shown by Fig. 30. Equations developed by 


T3 

C 

8 


3 

<o 


0 5 10 15 20 25 30 35 40 

Air Velocity - m p h 

Fig. 30. Variation of surface condiictant^es with wind velocity. 
Houghton and McDermott indicate that /„ varies with the wind 


velocity, in v mph, as 

fa = 1.4 + 0.28v for very smooth surfaces (46) 

ff,= 1.6 + 0.3y for smooth walls and plaster (47) 

fo = 2.0 + 0.4?; for cast concrete and smooth bricks (48) 

/o = 2.1 + 0.5t; for rough stucco (40) 


Small numerical changes of either fi or fo do not produce large 
changes in the calculated value of the overall coefficient U. Commonly 

^ Surface Conductances as Affected by Air Velocity, Temperature, and Char¬ 
acter of Surface,” by F. B. Rowley, A. B. Algren, and J. L. Blackshaw, ASHVE 
Cooperative Research Paper, 869, ASHVE Trans.j Vol. 36, 1930. 
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TABLE 10 


ThERMAI, CoNWirOTIVITIES k AND CONDUCTANCES C OF BuiEDING MATERIALS 


Material 

Weight, 
Lb per 
Cu Ft 

Mean 

Temp, 

DegF 

k 

C 

Investigator or 
Authority 

Brick, common 



5.00 


ASHVE Guide 

Brick, face 



9.20 


ASHVE Guide 

Brickwork, wet 



5.00 


Willard, Lichty, and 
Harding 

(bncrctc, average 



12.00 


ASHVE Guide 

(k)ncrete, stone, 

1-2-4 mix 

143 

60 

0.46 

_i 

1 

F. }i. Rowley 

Concrete, cinder 

no 

75 

5.20 

J. C. Peebles 

Mortar, cement 



8.00 


Willard, Lichty, and 
Harding 

Plaster 


73 

3.3 


F. B. Rowley 

J’laster, gypsum 



5.0 


ASHVE Guide 

Plaster | in. thick 
with f in. wood lath. 
Total } in. 


70 


2.5 

F. B. Rowley 

Roofing, composition 


75 


6.5 

.1. C. Peebh'S 

Shingles, asbestos 

65 

75 


6.00 

J. C. Peebles 

Shingles, a.sphalt 

70 

75 


6.50 

J. (". Peebles 

Stone, average 



12.5 


ASHVE Guide. 

Stu<!co 



12.0 


ASHVE Guide 

Tile, hollow | 
clay 1 

8 in. 
12 in. 
16 in. 




0.60 

0.40 

0.31 

ASHVE Guide 

Tile, hollow 
clay with ^ in. 
cement plas- - 
ter on each 
side 

2 in. 
4 in. 
6 in. 

120 

127 

124.3 

no 

100 

105 


1.00 

0.60 

0.47 

Willard, Lichty, and 
Harding 

Wood 

Maple 

frt.aiT» 1 Yellow pine 
gram ^ white pine 

28.7 

26.0 

44.3 

40.0 

31.2 

86 

75 

86 

75 

86 

0.67 

0.76 

1.10 

1.03 

0.78 


U. S. Bureau of Standards 
F. B. Rowley 

U. S. Bureau of Standards 
F. B. Rowley 

U. S. Bureau of Standards 
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accepted values for all materials are: fi as 1.05 for still-air conditions 
and fo as 6.0 for all materials when the average wind velocity over 
their surfaces is 15 mph. The foregoing average values of fi and f,, 
were used in calculating the coefficients U given by Fig. 32 and Tables 
12, 13, and 14. 

74. Thermal Conductivities and Conductances. Definitions of the 
foregoing items have been presented in Arts. 71 and 72. The thermal 
conductivities, /c, for building materials vary greatly and are dependent 
upon density, moisture content, age and proportions of the mix in the 
case of concrete, and the mean temperature. The last item is import¬ 
ant as the conductivity increases with an increase of the temperature 
of the material. Therefore, the mean temperature should always be 
stated with the value of fc for any material. In general, the materials 
having the smaller weights per cubic foot (density) have lower unit 
rates of heat transfer by conduction. The same is true with respect 


TABLE 11 

ThrumaLi Conductivities k and Conductances C fok Insueatincj Materials 



Weight, 

Mean 




Lb per 

Temp, 



Material 

Cu Ft 

Deg F 

k 

C 

Air spaces, in. or more. Vertical bounded 





by ordinary material 




1.10 

Vertical bounded by aluminum foil 




0.46 

Horizontal, with surface cmissivity 0,83 




1 .21 

Asbestos and cement board 

123 

86 

2.70 


Bark, redwood 

5 

75 

0.26 


Corkboard 

7 

90 

0.25 



14 

90 

0.26 


Cbrk, regranulated 

8.1 

90 

0.31 


E(j 1 grass, between sheets of strong paper 

3.4 

90 

0.25 



4.6 

90 

0.26 


Flax fibers, between sheets of paper 

4.9 

90 

0.28 


Glass wool 

10 

90 

0.27 


Gypsum board, ^ in. thick 

53.5 

90 


2.60 

Hair, felted 

11 

90 

0.26 


13 

90 

0.26 


flog hair, between sheets of paper 

5.76 

71 

0.26 


Mineral wool 

10 

90 

0.27 


Sawdust 

12 

90 

0.41 


Shavings 

Sugar cane, fiber board 

8.8 

90 

0.41 


13.2 

90 

0.34 


Wood, balsa, across grain 

7.3 

90 

0.41 


8.8 

90 

0.38 



20.0 

90 

0.58 


Wood fiber, board 

16.9 

90 

0.34 


Vermiculite, expanded 

6.2 


0.32 
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to moisture content, the effect of which is to increase heat transfer by 
conduction. 

Conductivities and conductances for representative building and 
insulating materials are given by Tables 10 and 11. 

76. Conductances of Air Spaces. The value of the conductance 
a of an air space is dependent upon the following conditions: the mean 



i.o i M .i.i. 11 1 I nrnr \ i \ l. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 


Width of air space, in. 

Fig. 31. Air-space conductances. 

temperature of the confined air and the amount of its movement; the 
distance between the bounding surfaces and their nature as regards 
emissivity and reflectivity; and the position of the space, i.e., horizon¬ 
tal or vertical. In general there is little increase in the values of the 
conductances a for spaces wider than one inch for a given mean air 
temperature. The conductances for an air space of fixed width 
increase as the mean temperature of the air increases. Data® perti- 

® “Thermal Resistances of Air Spaces/^ by F. B. Rowley, A. B. Algren, and J. 
L. Blackshaw, ASHVE Trans., Vol. 35, 1929. 
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nent to vertical air spaces, with non-reflcctive surfaces, are given by 
Fig. 31; also data for other air-space conditions are listed in Table 11. 

If air spaces in building walls are to be effective in reducing heat- 
transmission losses they must be so constructed that the confined air 



Fig. 32. Numerical calculations of U. 


will have the minimum amount of motion. Air movement within wall 
spaces increases the transmission of heat by the process of convection. 

76. Numerical Calculations of U. The examples in Fig. 32 may be 
taken as typical of the process of calculating overall coefficients of heat 
transmission U, In respect to the concrete wall, I and II with air 
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TABLE 12 

Coefficients of Heat Transmission, t/, for Wales Embodying Masonry and 
Concrete Construction 
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TABLE 13 

COEFFKTIKNTS OF HeAT TRANSMISSION, f/, FOR WaLLS, EtC., HavING AiR SpACES 


4" cut stone, cement 
mortar, and concrete 



4" face brick, h*' air 
space, paper, 2^32" Y.P. 
sheathing, 2" x 4" 
studding, wood lath 
and plaster total 


^Air space 
No insulation 



4 face brick, ^ air 
space, paper, 25^32"Y.P. 
sheathing, 2" x 4" 
studding, wood lath 
and plaster h" total 

“D^lnsul. space 


Insulation 
vermiculite 
3h" thick 


Stucco & wood lath total, 
paper, *5^2" Y.P. sheathing, 
2" X 4" studding, wood lath 
and plaster total 


Air space 
N^ insulation 



Stucco & wood lath total, 
paper, ^5^2" Y.P. sheathing, 
2" X 4" studding, wood lath 
and plaster total 


Insul. space 



Clapboard or wood Clapboard or wood Clapboard or wood shingles 

shingles ave. thick, shingles ave. h" thick, ave. thick, paper, Y.P. 

paper, Y.P. sheathing, paper, %" Y.P. sheathing, sheathing, 2" x 4" studding, 
2" X 4" studding, lath 2" x 4" studding, lath Vi" corkboard, 

and plaster h" total and plaster h" total and plaster 


Insulation 
vermiculite 
3h" thick 


Windows, skylights, 
and glass doors 


-'Air space 
No insulation 


'Insul. space 
Insulation 
vermiculite 
3 "a" thick 




Single 

t/= 1.13 

Double 

U = 0.45 

Triple 

U = 0.28 
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TABLE 14 

Coefficients of Heat Transmission U for Wooden Doors, Interior Walls, 
Roofs, Floors, and Glass Blocks 


Wooden Doors 

Thin panel with or without glass 1.13. 

Solid construction wnth thickness as stated below 


Nominal 

Thickness 

1 

in. 

U 

in. 

u 

in. 

u 

in. 

2 

in. 

n 

in. 

1 

3 - 

in. 

Actual 

Thickness 

55 

in. 

lA 

in. 

lA 

in. 

If 

in. 

1| 

in. 

m. 

25 - 

in. 

U 

0.61 

0.51 

0.45 

0.43 

0.39 

0.32 

0.27 


Flat Roofs without Ceilings 


Construction 


|-in. plaster, wood lath, joists and 85-in. 
YP flooring 


Wood joists, 55-in. YP subfloor, and 5Hn. 
oak or maple floor 


i-in. plaster, wood lath, joists, 55-in. YP 
subfloor and 55-in. finish wood floor 


0.31 


0.37 


Interior Walls 


C'onstruction 


Studding lath and plaster 


Plaster, lath, studding, lath and plaster 


4-in. hollow tile, plastered one side 
4-in. hollow tile, pla.stered noth sides 


4 in. hollow gypsum tile, i)la8tered one side 


0.62 


0.35 

0.42 

0.40 

0.28 


Construction 

U 

4-in. hollow gypsum tile, plastered both i 
sides 

0.27 

1 

in. 

Nom. 

Th. 

li 

in. 

Norn. 

Th. 

2 

in. 

Nom. 

Th. 

Pitched Roof.^ without fk*iling.s 

Construction 

U 

Wood with ceiling joists and 
composition roofing 

0.56 

0.42 

0.37 

Wood shingles on wootl strips 

0.50 

0.59 

Wood, same as above with 
iV-in. celotex insulation 

0.32 

0.27 

0.25 

Asphalt shingles on wood sheathing 

Rigid asbestos shingles on wood sheathing 

0.60 

0.61 

Wood, same as above with 2-in. 
celotex insulation 

0.13 

0.12 

0.12 

Slate or tile, roofing felt, and w’ood sheath¬ 
ing 

C'onstnictioii 

U 

Concrete Floor Slabs 

4 in. 
Nora. 
Th. 

5 in. 
Nom. 
Th. 

6 in. 
Nom. 
Th. 

(’onstruction 

U 


4-in. 

Nom. 

Th. 

6-in. 

Noin. 

Th. 

8-in. 

Nom. 

Th. 

Concrete with composition 
roofing 

0.79 

0.75 

0.70 

Concrete with 1-in. corkboard 
and composition roofing 

0.35 

0.34 

0.33 

Concrete on ground* 

1.06 

0.65 

0.00 

0.79 

Contiiete with 2-in. corkboard 
and composition roofing 

0.13 

0.13 

0.13 

Concrete floor or ceiling slab, 
.still air on both sides 

0.58 

0.53 

Wood Floors 

Ilollow-Glass-Block Walls 


Construction 


Smooth-surface glass blocks 7| in. 
X 7J in. X 3J in. thick 


Ribbed-s\irf.ace glass blocks 7J in. 
X 7i in. X 3J in. thick 


U, 

still 

air 

both 

.sides 


0.40 


0.38 


U, 

still ait- 
inside 
15 mph 
outside 


0.49 


0.46 


YP =» yellow pine 

* A coefficient of 0.10 Btu is recoramemled for all types of concrete floor laid on the ground, with 
and without insulation, until more complete data are available. 
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motion at one surface, with still air at the other, and also with still- 
air conditions at both surfaces it will be noted that the effect of the air 
motion is to increase the overall coefficient of heat transmission [/. 
The amount of the change is more pronounced, for any fixed air 
velocity, with thin walls than with thick walls. 

Representative numerical data for U for different pieces of building 
construction are given by Tables 12, 13, and 14. The coefficients 
shown by both Fig. 32 and Tables 12, 13, and 14 are results obtained 
with fi = 1.65, fo = 6, and values of k and C as given in Tables 10 
and 11. Thermal Conductivities used are: average concrete, 12; 
cement mortar, 8; corkboard, 0.26; and plaster, 5.0. The conductance 
for an air space is 1.10 and for |-in. wood 1 *,th plus f-in. plaster, 2.5. 

77. Combination Coefficients. When an attic space is unheated a 
combined coefficient of heat transmission for the roof above and the 
ceiling below it may be estimated. This combined coefficient is used 
with the ceiling area and the difference between the temperature of the 
air below the ceiling and that of the outside air, when calculat ions of the 
loss of heat through an attic space arc made. The combined coeffi¬ 
cient, per square foot of ceiling area^ for a ceiling, an attic space, and a 
roof is 


Urr = 


Vr X Uc 


Vr + 


Uc 


(50) 


where 

Ue 


coefficient of heat transmission for the roof, 
coefficient of lieat transmission for the ceiling, 
ratio of roof area to ceiling area. 


When still-air conditions prevail in the attic the radiation of heat 
through the air of the space is compensated by increasing the surface 
conductance of the roof and ceiling areas within the space from 1.65 (for 
still air) to 2.20 when computing Ur and Uc. If the air is in motion 
Avithin the space a surface conductance larger than 2.20 is required. 
When the attic air motion is rapid because of a large amount of air- 
infiltration, the ceiling area, the ceiling coefficient of heat transmis¬ 
sion, the air temperature beneath the ceiling, and the outdoor air 
temperature must be used in calculating the heat losses which occur 
at ceiling areas. 

78. Air Infiltration. The leakage of air into and out of a building 
may be the result of the action of wind, of the differential in tempera¬ 
ture between the inside and the outside air with a resultant differencie 
in their densities, or of the chimney action of tall structures. These 
factors may operate separately or in combination. Outward leakage 
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is also the result of maintaining the air under pressure in the structure 
as done in some systems of heating and ventilation. In any event, 
the air leaking out of the space is replaced by an equal weight of air 
which comes from the outside. Infiltration occurs as the result of 
air passing through porous walls, through cracks in the walls, and 
through cracks about window and door openings. Infiltration with 
the corresponding exfiltration produces an additional load on either 
the heating or the cooling plant of a building. In heating, the in(!om- 
ing air must be warmed to the temperature maintained within the 
room; the outgoing air carries with it a (piantity of lujat equal to that 
necessary to heat the inleaking air, and this heat is lost from the 
structure. In summer cooling, air entering a room as a result of 
infiltration must be cooled to room temperature and its moisture con¬ 
tent reduced when necessary. 

79. Equivalent Wind Velocities. For low buiidings the chimney 
or stack effect on air infiltration is generally negligibh^, but for tall 
structures consideration should be given to it. Passage\\'ays, such as 
elevator shafts and stair wells, should be isolated from adjacent 
spaces in order to reduce the effects of chimney action. The general 
results from the upward flow of air in a tall building are to promote the 
inward flow of air at the lower-story levels and to give diminished 
leakage effects at the upper sections. The foregoing action comes 
from the combined results of air-temperature difference and stack 
height, which produce a motive head that adds to wind effects at low 
levels and subtracts from them at higher elevations. Data presented 
later. Tables 16 and 17, show the marked effect of wind velocities on 
air infiltration through walls and at windows. A scheme of making 
allowances for the stack effect of a building is to compute equivalent 
wind velocities for use in estimating the air infiltration at different 
levels. 

The mid-height of a building is usually taken as the location of the 
neutral zone® where there is no air-pressure differential between the 
outside and the inside spaces. When the neutral zone is used as a 
datuum level, equivalent wind velocities can be estimated for use in 
determining crack and wall air leakages. Equations which may be 
used for finding equivalent wind velocities at various distances above 
and below the neutral zone are 


Ve = Vv^ - 1.75a 

(51) 

V, = y/v^ + 1.756 

(52) 


•“Neutral Zone in Ventilation,^^ by J. E. Emswiler, ASHVE Trans., Vol. 32, 
1926. 
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where Ve = equivalent wind velocity, mph. 

V = wind velocity existent at the considered location, mph. 
a = distance of location above mid-height of building, ft. 
b = distance of location below mid-height of building, ft. 

80. Number of Air Changes per Hour Due to Infiltration. (Com¬ 
monly quoted values for the number of air changes per hour in an 
enclosed space due to natural causes arc given in Table 15 for a room or 
building with various exposures and also for various classes of service. 


TABLE 15 


NuMiiEH OF Air Changes per Hohr Exclusive of Ventilation Air Supply* 


Number of Air 
(Changes piT Hour 
n in Terms of 
Room or Building Room Volume 

One side exposed 1 

Two Kid<‘S exposed 1^ 

Thr(‘e sides exposed 2 

Four sides exjjosed 2 

Without windows or 
outside doors ^ to f 

* ASHVE Guide, 1937 and 1948. 


Room or Building 
Hall, entrance 
reception 
liiving and dining 
rooms 
Stores 

('hurch(\s and fa(v 
tori<*s 

Bathrooms 


Number of Air 
Changes per Hour 
n in Terms of 
Room Volume 

2 to 3 
2 

1 to 2 

1 to 3 

to 3 

2 


Never less than ^ nir change per hour should be considered. 

81. Air Infiltration by Measurement. A number of investigations^ 
have been made in laboratories and in actual buildings at various places 
in an endeavor to ascertain the probable leakage of air through the 
cracks about both steel and wood window sashes when subjected to 
dilTercnt wind velocities. Laboratory investigations have also been 
carried on to determine the leakage of air through various wall sec¬ 
tions when under air pressures equivalent to those of wind action. 

A representative type of laboratory apparatus used for air infiltra- 


’ “Air Infiltration through Various Typos of Brick Wall Construction,” by (i. L. 
Larson, D. W. Nelson, and G. Braatz, ASHVE Trans., Vol. 35, 1929. 

“Air Infiltration through Double-Hung Wood Windows,” by G. L. Larson, 
D. W. Nelson, and R. W. Kubasta, ASHVE Trans., Vol. 37, 1931. 

“Air Leakage on Metal Windows in a Modern Office Building,” by F. C. 
Houghton and O’Connell, ASHVE Trans., Vol. 30, 1924. 

“The Weathertightiiess of Rolled Steel Windows,” by J. E. Emswiler and W. 
C. Randall, ASHVE Trans,, Vol. 34, 1928. 

“Air I^eakage about Window Openings,” by (’. C. Schrader, ASHVE Trans.., 
Vol. 30, 1924. 
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tion investigations is shown by Fig. 33. The essential features of the 
set-up are a blower to supply air under pressure in chamber A ; the wall 
section, with or without a window, placed between chambers A and B ; 



Fig. 33. Apparatus for testing window leakage. 

an orifice box C having a carefully calibratc<l orifice plate; the necessary 
air-pressure gages; and an air-temperature thermometer. The air- 
pressure differential maintained between chambers A and B is indica¬ 
tive of that produced as the result of wind velocity. 

TABLE 16 

Air Infiltration throttgii Walls* 

Expressed in cubic feet per square foot per hourf 


Wind Velocity, MPII 


Type of Wall 

5 

10 

15 

20 

25 

30 

. 1 Plain 

2 

4 

8 

12 

19 

23 

8^-in. brick wain , ^ 

1 plastered! 

0.02 

0.01 

0.07 

0.11 

0.16 

0.24 

[ plain 

1 

4 

7 

12 

16 

21 

13 in. brick walH plastered! 

0.01 

0.01 

0.03 

0.04 

0.07 

0.10 

\ plastered § 

0.03 

0.10 

0.21 

0.36 

0.53 

0.72 

Frame wall, with lath and plaster|| 

0.03 

0.07 

0.13 

0.18 

0.23 

0.26 

* From Heating Ventilating Air Conditioning Guide 19 

^ Used by permission. 


t The values in this table are 20 per cent less than test values to allow for building 
up of pressure in rooms and are based on test data reported in the papers listed in 
chapter footnotes. 

t Two coats prepared gypsum plaster on brick. 

§ Furring, lath, and two coats prepared gypsum plaster on brick. 

II Wall construction: bevel siding painted or cedar shingles, sheathing, building 
paper, wood lath, and three coats gypsum plaster. 
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The leakage of air into a structure increases rapidly with an increase 
of wind velocity. A considerable quantity of air, exclusive of that 
entering about window and door openings, may pass through masonry 
and other types of walls which do not have some sealing material, such 
as plastering or its equivalent. The air leakage through brick walls 
which are unfinished on the inside may be a considerable amount but 
is reduced to a negligible figure by the addition of plastering to the 
inside faces as shown by Table IG. 

Air leakage between window frames and masonry walls can be 
diminished by calking the cracks with plastic materials. The leakage 
about window frames and 
their sashes is dependent upon 
the wind velocity, the kind 
and type of wood or steel 
sash, and the crack width 
together with the sash clear¬ 
ance where the crack is. Sash 
clearance F-E and sash crack 
C for movable wooden sash 
are defined by Fig. 34. A 
survey of a considerable num¬ 
ber of buildings indicates that with double-hung wood sashes the 
following widths of crack and clearance for windows not weather- 
stripped may be considered as representative: (1) average window 
crack and clearance; (2) poorly fitted windows 

crack and ^^-in. clearance. 

Numerical quantities are given in Table 17 for the infiltration of air 
through the cracks about various kinds of windows. The volumes in 
cubic feet as given are per linear foot of window crackage, and although 
their conditions as to pressure and temperature are not specified the 
outside-air conditions may be used as being applicable to them. 
Attention is called to the reduction of air leakages by the use of weather 
stripping which is discussed in a following article. 

The leakage of air at doors varies with their fit and warpage. For 
heating-load estimations, well-fitted doors may have about the same 
leakage per foot of crack considered, as poorly fitted double-hung sash 
and poorly fitted doors should have an allowance of twice the amount 
used for well-fitted doors. The foregoing values may be reduced by 
one-half if weather stripping is used. An outside single door, which is 
used frequently, may be considered to have three times the leakage 
of a well-fitted one. 



Crack C - 


Clearance * F-E 

Fig. 34. Window cra(;k and clearance. 
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TABLE 17 

Air Infiltration Through Windows* 


Expressed in cubic feet per foot of crack per hourf 





Wind Velocity, MPH 


Type of 
Window 

Remarks 







5 

10 

15 

20 

25 

30 




Around frame in masonry wall—not calked t 

3 

8 

14 

20 

27 

35 


Around frame in masonry wall—calkedt 

1 

2 

3 

4 

5 

6 


Around frame in wood frame constructionj 

2 

6 

11 

17 

23 

30 

Double-hung 

Total for average window, non-weather- 







(wood 8a.sh 

windows 

(unlocked) 

8tripj)ed, A-in. crack and A-in. clearance. § 
Includes wood frame leakage || 

7 

2i 

39 

59 

80 

104 

Ditto, weatherstripped H 

4 


24 

36 

49 

63 



Total for poorly fitted window, non-weather- 
stripped, A-in. crack and A-in. clearance.! 


1 

1 

1 





Ineludcs wood frame leakage 1| 

27 

69 

1 

154 

190 

249 


Ditto, weatherstripped || 

6 

19 

1 - 

34 

51 

71 

92 

Double-hung 

Non-weather stripped, locked 

20 

45 

70 

96 

125 

154 

metal 

Non-weather stripped, unlocked 

20 

47 

74 

104 

137 

170 

windows** 

Weather stripped, unlocked 

6 

19 

32 

46 

60 

76 


Industrial pivoted, A-in. crackft 

52 

108 

176 

244 

304 

372 


Architectural projected, A-in. cracktt 

15 

36 

62 

86 

112 

139 

Rolled 

Architectural projected, A-in. craektt 

20 

52 

88 

116 

152 

182 

section 

Residential casement, A-in. crack §§ 

6 

18 

33 

47 

60 

74 

steel sash 

Residential casement, A-i»* crack §§ 

14 

32 

52 

76 

100 

128 

windows 11 

Heavy casement section, projected, A-in. 








crack H I| 

Heavy casement section, projected A-in. 

3 

10 

18 

26 

36 

48 


crack 1111 

8 

24 

38 

54 

72 

92 

Hollow metal, vertically pivoted window** 

30 

88 

145 

186 

221 

242 


* P>om “ Heating VcntilatinK Air Conditioning Guide 1948.” Used by permission. 

t The values given in this table, with the exception of those for double-hung and hollow metal 
windows, are 20 per cent loss than test values to allow for building \ip of pressure in rooms and are 
based on test data reported in the papers liste<l in chapter footnote.s. 

t The values given for frame leakage are per foot of sash perimeter as determined for double-hung 
wood windows. Some of the frame leakage in masonry walls originates in the brick wall itself and 
cannot be prevented by calking. For the additional reason that calking is not done perfectly ami 
deteriorates with time, it is considered advisable to choose the masonry frame leakage values for 
calked frames as the average determined by the calked and non-calked tests. 

S The fit of the average double-hung w’ood wimiow was determined as i^-in. crack and A-in. 
clearance by measurements on approximately 600 windows under heating season contlitions. 

II The values given are the totals for the window opening per foot of sash perimeter and include 
frame leakage and so-callcd elsewhere leakage. The frame leakage values included are for wood 
frame construction but apply as well to masonry construction assuming a 50 per cent efficiency of 
frame calking. 

1 A Ar-in. crack and clearance represent a poorly fitted window, much poorer than average. 

♦♦ Windows tested in place in building. 

^ tt Industrial pivoted window generally usctl in industrial buildings. Ventilators horizontally 
pivoted at center or slightly above, lower part swinging out. 

tt Architecturally projected made of same sections as industrial pivoted except that outsiile 
framing member is heavier, and it has refinements in weathering and hardware. Used in semi- 
monumental buildings such as schools. Ventilators swing in or out and are balanced on side arms, 
^in. crack is obtainable in the best practice of manufacture and installation, /i-in. crack considered 
to represent average practice. 

5 § Of same design and^ section shapes as so-called heavy section casement but of lighter weight, 
^-in. crack is obtainable in the best practice of manufacture and installation, Vjr-in. crack considered 
to represent average practice. 

|[|| Made of heavy sections. Ventilators swing in or out and stay set at any degree of opening. 
A-ia* crack is obtainable in the best practice of manufacture and installation, A-in. crack consid¬ 
ered to represent average practice. 

With reasonable care in installation, leakage at contacts where windows are attached to steel 
framework and at mullions is negligible. With if^-in. crack, representing poor installation, leakage 
at contact with steel framework is about one-third and at mullions about one-sixth of that given for 
industrial pivoted windows in the table. 
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82. Weather Stripping and Storm Sash. Air leakage or infiltration 
about window sash and doors may be materially reduced by the instal¬ 
lation of weather stripping about their perimeters. Such building 
equipment may be of felt and rubberized strips installed to seal cracks, 
pieces of thin spring bronze attached to window sash and doors to 
bear against their enclosing frames, and some form of tongue-and- 
groove construction fabricated from strips of either sheet zinc, brass, 
or bronze. Two forms of weather stripping are shown by Fig. 35. 
The details of a weather-stripping installation depend upon the type 




Fig. 35. Installations of metal weather strips. 

of window served, that is, either double hung or casement, and the 
particular design of the weather stripping. 

Data pertinent to the leakages of air at various wind velocities are 
given in Table 17 for three different cases of window construction 
operating without and with weather stripping. Percentages of reduc¬ 
tion of air leakages occasioned by the use of weather stripping are 
given in tabular form in Table 18 for double-hung windows. This 
particular form of window construction is arranged so that the upper 
or lower sash may be raised or lowered independently of the other. A 
double-hung window has three horizontal and two vertical cracks 
through which air leakage may occur. 

A study of the data of Table 18 indicates that the percentages of 
reduction of air leakage, resulting from the use of weather stripping, 
are variable and dependent upon the conditions of installation and 
operation. The heat losses from a building due to air infiltration 
change directly as a change in the amount of air infiltration occurs. 
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TABLE 18 


Percentages of Reduction of Air Leakages Resulting from the Use op 
Weather Stripping with Double-Hung Windows 


Wind Velocity 15 mph 




Leakage, Non- 

Leakage 





Weather 

Weather 



Type of 


Stripped, 

Stripped, 


Per Cent 

Window 

Condition 

Cu Ft per Hr 

Cii Ft per Hr 


Reduction 

Double-hung 
wood sash, 

Average 

39 

24 

(39 

- 24)100 

unlocked 





39 

Double-hung 
wood sash. 

Poor 

111 

34 

(111 

- 34)100 

unlocked 

Double-hung 


74 

32 


111 

metal sash, 




(74 

- 32)100 _ 

unlocked 





74“” 


38.4 


69.4 


56.7 


However, their percentage of the total heat losses per hour does not 
remain constant for all conditions. 

Weather stripping applied to a window opening has no effect on the 
amount of heat lost per hour through its glass areas, but it does mate¬ 
rially aid in keeping dirt carried by outside air from entering the 
structure and the loss of water vapor held by the inside air when 
humidification is necessary in winter air conditioning. 

Storm windows fall under two general types; those which fill the 
window opening and which bear against the blind stops of the window 
frames and those which are clamped to the window sash and cover the 
glass areas. When this latter type of installation is made the storm 
sash does not reduce the infiltration of air at the window opening. 
In such cases the windows should be fitted with weather stripping. 
Storm windows fitted with felt gaskets and drawn tightly against the 
blind stops of window frames are of value in reducing air infiltration. 
However, if a storm sash is fitted loosely, no reduction of air infiltra¬ 
tion may take place. For tight-fitting storm sashes the reduction of 
air infiltration is about the same as when weather stripping is used. 

Storm sashes are quite effective in reducing the amount of heat 
transmitted per hour through window-glass areas. The coefficient of 
heat transmission U for two panes of glass separated by an air space 
is 0.45 Btu per hr per sq ft per deg F (Table 13), which is less than one- 
half that of a single thickness of glass. Under winter-weather condi¬ 
tions when storm sashes are used the inside-surface temperature of the 
glass is higher than that of a single pane of glass under the same condi¬ 
tions of temperature for inside and outside air. Two additional 
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benefits accrue from this condition. The loss of radiant heat from the 
bodies of room occupants to the cool glass surface is lessened, and more 
comfortable sensations are produced with a given dry-bulb temperature 
in the occupied space. With higher inside-glavss-surface temperature 
the dew-point temperature of the water vapor of the inside air is not 
obtained so easily. This item allows a higher relative humidity to be 
maintained in the inside air without excessive condensation on the 
glass and thereby tends to promote more comfortable conditions at a 
given dry-bulb temperature. 

Double glazing of window sashes is also used to reduce heat losses 
and gains through their glass areas. Panes of small size are available 
for insertion into sashes. These units employ two panes of glass placed 
a small distance apart and carefully sealed about their edges by 
metallic or other materials. The scaling is done in the process of 
manufacture and before the units are used. The air of the space is 
partially evacuated to reduce its movement between the two panes. 

C Complete sealing about the edges of the glass surfaces is essential 
as air leakages permit dirt and water vapor to enter the space between 
the two panes of glass. Dirt deposits are likely to accumulate on the 
enclosed surfaces when the leakage of air to and from the separating 
space occurs. Such deposits cannot be removed from interior-surface 
areas. Likewise in cold weather, moisture produced by water-vapor 
condensation may collect on the interior surfaces to cloud them. 

The heat transmission of a double-glazed window sash is about the 
same as that for a single-glass one fitted with a storm sash. The 
coefficient U may be taken as given in Table 13 for double-glass con¬ 
struction. Hashes fitted with double glazing have air leakages about 
their perimeters. Weather stripping should be used with double- 
glazed sashes to reduce the air leakages about their perimeters and to 
reduce either the heat losses or gains in the spaces served. 

83, Linear Feet of Crack Used in Computing Air Leakage. The 
amount of air infiltration is dependent upon the wind velocity, the 
width of the cracks, the linear feet of cracks, etc., through which air 
inleakage occurs. Generally it is not possible to fix accurate values 
definitely for any or all of the foregoing items. Therefore, the calcu¬ 
lation of air infiltration by any method must be at best a reasonable 
approximation. The number of linear feet of window and door cracks 
to be used may be empirically fixed as: rooms with one exposure, all 
the linear feet of cracks in the outside wall; rooms with two exposures, 
the linear feet of crack in the outside wall having the greater amount 
of cracks; and rooms with three or four exposures, the length of the 
cracks in the wall having the greatest amount; but in no case must 
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less than one-half the total cracks in the outside walls be used. The 
foregoing rule is based on the assumption that the angle of incidence 
of the wind on the exposed side or sides may vary from 0 to 90 deg. 

84. Heat Losses Due to Air Infiltration. Unless building walls are 
of poor construction air leakage through them, Table 10, may usually 
be ignored. The amount of air, Q cu ft per hr, leaking into a room is 
the product of the space volume, in cu ft, and its number, n, of air 
changes per hour. The accuracy of such calculations is alTected by 
the quantity n which is often difficult to fix definitely. 

The data of Tables 16 and 17 and the assumptions of Art. 83 provide 
data and information which lead to more a(!curate estimations of the 
amounts of air inleakage under existent conditions. The quantity Q 
is the product of L ft of effective cracks (Art. 83). and Qi the leakage 
of air in cubic feet of air per foot of crack per h‘)ur, Table 17, for a 
crack of a given width at a definite wind velocity in miles per hour. 
No matter how the quantity of inleaking air Q is estimated 

Ih = CpaQda{t — to) (53) 


where Hi 

Cpa 

Q 

da 

t 

to 


infiltration loss, Btu per hr. 
mean specific heat of air, 0.24. 
volume of air, cu ft per hr. 

density of air, lb per cu ft at to F. Often used as 0.075 

for all conditions. 

inside-air temperature, deg. ¥ 

outside-air temperature, deg F. 


Based on crack leakage 

Hi = CpaQida^^it to) (54) 

As a matter of convenience, for a crack of a given width subjected to 
a definite wind velocity, the portion Cpaqida of equation 54 may be 
computed as a constant Ci whereby 

Hi = CiL{t - to) (55) 

86. Thermal Storage of Building Materials. Walls and roofs have 
the ability to store variable amounts of heat. This property is depend¬ 
ent upon the method of construction, the kinds of materials used, and 
the thickness of the individual component parts. The item of thermal 
storage is of importance in problems both of winter heating and of 
summer cooling. 

Obviously, thick walls of a given material will store more heat than 
thin walls of the same material. During the winter the heat stored in 
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heavy walls will tend to maintain the desired inside-air temperature 
during periods when the heating plant is not actively operating. On 
the other hand, when the building is intermittently heated, heavy thick 
walls which have become cold may maintain a low inside-surface tem¬ 
perature for a considerable period after the inside-air temperature has 
reached that value deemed necessary for comfort. Under such condi¬ 
tions the occupants of the structure may not feel comfortable until the 
walls have absorbed enough heat to bring their inside-surface tempera¬ 
tures to a more nearly normal condition and thereby lessen the loss of 
heat by radiation from the occupants to the inside wall surfaces. 
Where intermittent heating during cold-weather periods is carried on 
as in buildings operating with reduced aii temperatures during the 
night or in buildings heated only once or twice per week the heating-up 
process should be started well in advance of the period of occupancy. 

The effect of heat storage in walls, ceilings, and roofs during periods 
of hot weather is to delay the passage of heat into the interior spaces of 
the building. However, once the materials have become heated, the 
effect is to prolong the load on the air-conditioning plant after the out- 
side-air temperatures have begun to decrease. 0^ving to this storage 
action the maximum flow of heat from the outside to the inside air may 
not occur at the time of day when the maximum outside-air tempera¬ 
ture prevails. The heat stored in the walls may not be dissipated 
until far into the night, and during prolonged periods of hot weather 
the walls may not cool to the temperature of the night air. As a 
consequence the storage of heat will be completed at an earlier time 
the following day, and the load on the air-conditioning plant, due to 
heat from the outside, will begin to build up at an earlier hour. Inside 
wall-surface temperatures fall slowly during the night in hot weather 
even when cool night air is mechanically circulated through the 
building. 

86. Building Insulation. A survey of the thermal conductivities k 
and the conductances C, given in Table 11, for insulating materials 
used in building construction indicates that such substances are resist¬ 
ant to the transmission of heat by conduction as their conductivities 
are much less than those of other building materials. Certain metals 
in thin sheets or foil form, such as tin foil or aluminum foil, are also 
resistant to the transmission of radiant heat owing to the reflecting 
powers of their bright surfaces. These materials may lose some of 
their power to repel radiant heat when their surfaces become tarnished 
or dirty. Many insulating materials owe their desirable properties 
to the numerous small air cells or air spaces enmeshed within them. 
In general, the less the density of an insulator, the lower is its value of 



104 


HEAT TRANSMISSION AND HEAT LOSSES 


heat conductivity; also important is its moisture content, as water 
held in the material tends to increase its thermal conductivity, 

Basic materials from which building insulation is derived are 
asbestos, bagasse (crushed sugar-cane stalks), cork, cornstalks, cotton, 
eel-grass, gypsum, glass, hair, jute, kapok, limestone, metals (aluminum 
and tin foil, also thin steel sheets sc^parated by air spaces), moss, mica, 
paper pulp, rubber, straw, and wood fiber in several forms. 

Insulation may be divided into the following types: (1) rigid, (2) 
semi-rigid, (3) flexible, and (4) fill. Rigid insulation is made in panels 
of various sizes and thicknesses, and some of it has considerable struc¬ 
tural strength. Semi-rigid insulations embrace those of the order of 
felts which have some flexibility and are available in panels of different 
widths, lengths, and thicknesses. Flexible insulation embodies the 
quilts and blankets having paper or fabric on ea< h bide with loosely 
packed material between the coverings. Included in Uiis category are 
the metal foils which are used either in crumpled form as tilling material 
or as thin sheets suspended in air spaces and spaced a slight distance 
apart. Fill insulation is produced in shredded, powdered, or granu¬ 
lated form and is used to fill spaces in walls, floors, and ceilings. 

The use of sufficient amounts of an insulating material in building 
construction is justified from the standpoints of economy and comfort, 
and sometimes its use is a necessity. Part of the expenditure for 
insulation can be saved in the reduced first cost of either a heating or 
a cooling plant. A plant of smaller capacity is required in either case, 
if the heat losses or heat gains can be reduced by the use of building 
insulation, and the operating costs are less. Furthermore, the 
reduced transmission of heat through walls, ceilings, and roofs leads 
to higher inside-surface temperatures in the winter and lower inside- 
surface temperatures during the summer, both of whicih are an aid in 
promoting human comfort and at the same time lead to economy of 
plant operation. Certain industrial processes must be carried on in 
rooms having conditioned air of a high relative humidity. By increas¬ 
ing the building inside-surface temperatures through the use of building 
insulation the dew-point temperature of the air at the inside surfaces 
can be avoided and moisture condensation on the surfaces of walls, 
ceilings, and floors prevented. 

The selection of building insulating materials cannot be justified on 
the basis of a low coefficient of heat conductivity alone. Certain mate¬ 
rials having low coefficients of conductivity are more expensive per inch 
of thickness than others having a higher heat conductivity. Conse¬ 
quently, the latter may be used in a greater thickness to produce a wall 
having an equal or lower overall coefficient of heat transmission, I/, at a 
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smaller first cost than would be possible with the more expensive mate¬ 
rial of lower conductivity. Along with the first cost of the insulating 
material consideration should be given to its durability, its ease and 
cost of placement in the building, its hygroscopic properties, and the 
additional structural loads involved by its use. 

Each wall, roof, floor, or ceiling is an individual problem in which an 
attempt should be made to reduce economically the overall coefficient 
of heat transmission to a low value. There is an economic thickness in 
each case beyond which the cost of 


additional material cannot be justified. 

__Inside_ 


The actual placement of t he insulating 

Insulation 

1 

material in the walls has much to do 


with the final results obtained. Where 

Outside 



insulators of the rigid, semi-rigid, and Yio. 36. Air space divided by 
flexible types are used the best results insulation, 

are obtained when the insulation is so 


placed that the number of air spaces in the walls is increased. By 
pla(;ing the insulation so that two or more insulation surfaces arc 
exposed to the air, Fig. 36, additional resistances to heat flow can be 
obtained in addition to that secured by the thickness of the material 
or materials. 

87. Vapor Barriers. Moisture in the air of heated spaces may 
accrue from various sources, such as cooking in kitchens, laundries, 
steam tables in restaurants, manufacturing operations, and that sup¬ 
plied by modern air-conditioning systems used to produce atmospheric, 
comfort conditions. As the humidity ratio of an air-vapor mixture 
is increased its vapor pressure becomes greater. When the air outside 
of a heated space is cold its water vapor content may be low with a 
correspondingly low vapor pressure. Such conditions produc.e a 
vapor-pressure differential which tends to cause the water vapor of 
the inside air to flow outward through the cracks and porous materials 
of walls, ceilings, and floors. Figure 37 indicates permissible relative 
humidities* for various transmission coefficients. 

Figure 29 indicates temperature gradients which may exist in walls 
of frame construction. The graphs show that the temperatures at 
various locations within the wall construction are materially below 
that of the warm room air. Whenever vapor passing from the interior 
of a space is cooled to its saturation temperature (dew-point tempera¬ 
ture of air), condensation occurs. The point at which the formation 
of water takes place is dependent upon the wall construction. When 

® “Permissible Relative Humidities in Humidified Buildings,’^ by Paul D. Close, 
ASHVE Trans., Vol. 45, 1939. 
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the wall has a poor thermal resistance and the outside-air temperature 
is low, moisture may deposit on its inside surface exposed directly to 
the room air. Vapor penetration into walls of better construction 
may lead to the formation not only of moisture but also of frost and 
ice in their interiors. The walls of Fig. 29 show conditions favorable 
for the formation of ice and frost at the outer air-space surface. 
Moisture collection in a wall leads to increased heat transmission, 
deterioration of its materials, discoloration of finished surfaces, and 
the blistering and peeling of paint on areas so treated. 


-30 0 30 40 Outside temperature, deg F 



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 

Wall, roof, or glass coefficient (17) 

Fig. 37. Permissible relative humidities for various transmission coefficients. 

Insulation placed within a wall, and other places, leads to reduced 
heat losses through it and a higher temperature of the surface exposed 
to the room air. Insulation also creates greater temperature varia¬ 
tions from point to point in the path of heat flow so that vapor pene¬ 
tration into the interior of the wall section is highly undesirable. 
Where moisture penetration into a wall is likely to prove objectionable, 
provision should be made to prevent its occurrence. The amount of 
water vapor entering a wall and other sections, should not exceed 1.25 
gr per hr, per sq ft, per in. of mercury vapor-pressure differential.”* 
Vapor condensation in a space may be prevented by ventilation in 
attics and ‘‘by the use of some sort of a vapor barrier” in walls, ceilings, 
and floors. 
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Existing walls can be sealed against vapor penetration by filling 
cracks and holes and coating the visible inside surfaces with a com¬ 
pound of aluminum-bronze pigment and waterproof varnish. Water¬ 
proofed papers, impregnated with asphalt, provide resistance to vapor 
penetration in new walls. This material when used as a barrier 
should be located just behind the plastered interior as near as possible 
to the warm air of the room. Board-type plaster bases with the back 
of the material waterproofed are also available for new construction. 
Many insulating materials of the rigid, flexible, and bat types have 
incorporated with them either a coating or asphalt-treated paper on 
at least one of their surfaces to serve as a moisture barrier. All 
moisture or vapor barriers should have thei.- joints sealed to prevent 
entrance of vapor into the wall interior through cracks at the edges 
of the barrier sheets. 

88. Procedure in Making Heat-Loss Calculations. Certain data 
are necessary before the estimated losses of heat from a room or a 
structure may be cahuilated. Therefore, the following items must be 
either computed or fixed. 

1. The separate net areas of the walls, glass, ceiling or roof, and 
floors through which the transmission of heat will occur. 

2. The overall coeffi(?ionts of heat transmission for the component 
parts of the building listed in item 1. These are to be taken from 
tables of data or calculated. 

3. The inside-air temperature, at the breathing level 5 ft above the 
floor, which is considered to be necessary when severe winter weather 
exists; also the air temperatures at the proper levels for the calculation 
of heat losses through the various exposed building areas. 

4. The outside-air temperature which is to be used for design 
purposes. 

5. The computed losses of heat occurring at the various areas listed 
in item 1, based on the proper coefficients of heat transmission and the 
differen(^e in temperature between the inside and the outside air. 

6. An estimate of the heat required to warm the inleaking cold air 
based on the methods given in Art. 84. 

7. The total of the individual transmission losses and those due to 
air leakage. This final summation gives the estimated heat losses from 
the space considered, for the air temperature conditions chosen, after 
the room or building has been heated. 

89. Wind Movement during the Heating Season. In the discussion 
of the heat transmission of building materials and air infiltration, men¬ 
tion was made that the effect of air motion is to increase both. Conse¬ 
quently, the prevalent winds and their velocities are of considerable 
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TABLE 19 


Heating Season (Climatic Data 

Compiled from Records of the U. S. Weather Bureau and Other Sources 


State 

City 

Average 
Temper¬ 
ature, 
Oct. 1 - 
May 1 

Lowest 

Temper¬ 

ature 

Average 
Win<l Ve¬ 
locity, Dec., 
Jan., Feb., 
Miles per 
Hour 

Direction 
of Pre¬ 
vailing 
Wind, 
Dec., Jan., 
Feb. 

Normal 
Degrees 
Days, 
Total for 
Year 

Ala. 

Birmingham 

53.9 

-10 

8.6 

N 

2618 


Mobile 

57.7 

- 1 

8.3 

N 

1567 

Ariz. 

I'lagstaff 

34.9 

-25 

6.7 

SW 

7145 


Phoenix 

59.5 

16 

3.9 

E 

1446 

Ark. 

Fort Smith 

49.5 

-15 

8.0 

E 

3230 


Little Rock 

51.6 

-12 

0.9 

NW 

3005 

Calif. 

IjOs Angeles 

58.6 

28 

6.1 

NE 

1390 


San Francisco 

54.3 

27 

7 5 

N 

3143 

Colo. 

Denver 

39.3 

-29 

7.4 

S 

5863 


Grand Junction 

39.2 

-16 

5.6 

SE 

5647 

CV)nn. 

New Haven 

38.0 

-15 

9.3 

N 

5879 

D. C. 

Washington 

43.2 

-15 

7.3 

NW 

4598 

Fla. 

Jacksonville 

61.9 

10 

8.2 

NE 

1161 

Ga. 

Atlanta 

51.4 

- 8 

11.8 

NW 

3002 


Savannah 

58.4 

8 

8.3 

NW 

1647 

Idaho 

Ijcwiston 

42.5 

-13 

4.7 

E 

4924 


Pocatello 

36.4 

-20 

9.3 

SE 

6459 

Ill. 

Chicago 

36.4 

-23 

17 

SW 

6287 


Springfield 

39.9 

-24 

10.2 

NW 

5463 

Ind. 

Evansville 

44.1 

-15 

8.4 

s 

4387 


Indianajx)lis 

40.2 

-25 

11.8 

s 

5487 

Iowa 

Dubuque 

33.9 

-32 

6.1 

NW 

6790 


Sioux City 

32.1 

-35 

12.2 

NW 

6909 

Kan. 

Dodge City 

40.2 

-26 

10.4 

NW 

5077 

Ky. 

Ijouisville 

45.2 

-20 

9.3 

SW 

4428 

La. 

New Orleans 

61.5 

7 

9.6 

N 

1208 


Shreveport 

56.2 

- 5 

7.7 

SE 

2127 

Me. 

East{K)rt 

31.1 

-23 

13.8 

W 

8451 


Portland 

33.6 

-17 

10.1 

NW 

7338 

Md. 

Baltimore 

43.6 

- 7 

7.2 

NW 

4522 

Mass. 

Boston 

37.6 

-18 

11.7 

W 

5943 

Mich. 

Detroit 

35.4 

-24 

13.1 

SW 

6580 


Marquette 

27.6 

-27 

11.4 

NW 

8786 

Minn. 

Duluth 

25.1 

-41 

11.1 

SW 

9766 


Minneapolis 

29.6 

-33 

11.5 

NW 

7989 

Miss. 

Vicksburg 

56.0 

- 1 

7.6 

SE 

2073 

Mo. 

Kansas City 

42.8 

-22 

10.2 

NW 

498^1 


St Ixiuis 

43.3 

-22 

11.8 

NW 

4610 


Springfield 

43.0 

-29 

11.3 

SE 

4567 

Mont. 

Billings 

34.7 

-49 


W 

7119 


Havre 

27.7 

-57 

8.7 

SW 

8474 

Neb. 

Lincoln 

37.0 

-29 

10.9 

N 

6010 


North Platte 

34.6 

-35 

9.0 

w 

6131 

Nev. 

Winnemucca 

37.9 

-28 

9.5 

NE 

6371 

N. H. 

Concord 

33.4 

-35 

6.0 

NW 

7391 
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TAHLE 19 (Continued) 






Average 

Direction 




Average 


Wind Ve¬ 

of Pre¬ 

Normal 



Temper¬ 


locity, Dec., 

vailing 

Degree 



ature, 

Ix)we8t 

Jan.., Feb., 

Wind, 

Days, 



Oct. 1- 

Temper¬ 

Miles per 

Dec., Jan., 

Total for 

State 

City 

May 1 

ature 

Hour 

Feb. 

Year 

N. J. 

Atlantic (!ity 

41.b 

- 9 

10.6 

NW 

5049 

N. M. 

Santa Fe 

38.0 

-13 

7.3 

NE 

6124 

N. Y. 

AU)any 

35.1 

-24 

7.9 

S 

6658 


Buffalo 

34.7 

-21 

17.7 

w 

6935 


New York 

40.3 

-14 

13.3 

NW 

5306 

N. C. 

Raleigh 

49.7 

- 2 

7.3 

sw 

3281 


Wilmington 

53.1 

5 

8.9 

sw 

2432 

N. D. 

Bismarck 

24.5 

-45 


NW 

8969 

Ohio 

Cleveland 

36.9 

-18 

14.5 

SW 

6171 


CV)lumbus 

39.9 

-20 

9.3 

SW 

5536 

Okla. 

Oklahoma C"ity 

48.0 

-17 

12.0 

N 

3698 

Ore. 

Baker 

34.1 

-20 

6.0 

SE 

7219 


Portland 

45.9 

- 2 

6.5 

S 

4379 

1^1. 

Philadelphia 

41.9 

-11 

11.0 

NW 

4749 


Pittsburgh 

40.8 

-20 

13.7 

NW 

5466 

K.. T. 

Provideiuai 

37.6 

-17 

14.6 

NW 

6014 

s. c. 

Charleston 

56.9 

7 

11.0 

N 

1870 


Columbia 

53.7 

- 2 

8.0 

NE 

2504 

S. D. 

Huron 

28.1 

-43 

11.5 

NW 

7997 


Rapid City 

32.3 

-34 

7.5 

W 

7225 

Tenn. 

Knoxville 

47.0 

-16 

6.5 

SW 

3665 


Memphis 

50.9 

- 9 

9.6 

NW 

3078 

Tex. 

El Paso 

53.0 

- 2 

10.5 

NW 

2538 


Fort Worth 

54.7 

- 8 

11.0 

NW 

2356 


San Antonio 

60.7 

4 

8.2 

N 

1424 

Utah 

Modena 

38.1 

-24 

8.9 

W 

6605 


Salt Lake City 

40.0 

-20 

4.9 

SE 

5637 

Vt. 

Burlington 

29.3 

-30 

12.9 

S 

7930 

Va. 

Lynchburg 

45.2 

- 7 

5.2 

NW 

4082 


Norfolk 

49.1 

- 2 

9.0 

N 

3385 


Richmond 

47.4 

- 3 

7.4 

S 

3944 

Wash. 

Seattle 

45.3 

3 

9.1 

SE 

4864 


Spokane 

37.5 

-30 

5.2 

SW 

6305 

W. Va. 

Elkins 

38.8 

-21 

4.8 

w 

5814 


Parkersburg 

41.9 

-27 

6.6 

s 

5091 

Wis. 

Green Bay 

28.6 

-36 

12.8 

sw 

7956 


T^a Oosse 

31.2 

-43 

5.6 

NW 

7442 


Milwaukee 

33.0 

-25 

11.7 

W 

7086 

Wyo. 

Cheyenne 

33.9 

-38 

13.3 

NW 

7549 


I^ander 

28.9 

-36 

3.0 

NE 

8237 


importance in the estimation of the heat losses from a building in any 
locality. 

Climatic data for various cities in the United States are given in 
Table 19. Rarely do the maximum wind velocity and the minimum 
outside-air temperature occur at the same time during the heating 
season. Heating engineers generally base their calculations for overall 



110 


HEAT TRANSMISSION AND HEAT LOSSES 


coefficients of heat transmission U and the air infiltration losses on the 
average wind velocity during the three months of the most severe 
winter weather. A commonly used average value for wind velocity 
during the coldest part of the heating season is 15 mph. C-alculations 
made on this basis are safe, as the heating load of a structure during 
periods of extremely low outside-air temperatures, with practically no 
wind, may not be as large as when the outside air is warmer and the 
wind velocity greater. The latter condition is due to the larger 
inleakage of more moderately cold air caused by the outside-air motion. 

90, Outside-Air Temperature. Outdoor-air temperatures range 
differently with the locality and the season of the year; they also may 
vary considerably over a period of hours in any location at any season. 
In the design of heating plants it is not customary to base the estimate 
of the heating requirements on the lowest ouLside-air temperature on 
record in any locality as this low temperature may prevail for only a 
few hours during the winter. Plants designed on the basis of a con¬ 
servative outside-air temperature usually have enough reserve capacity 
together with the thermal storage in the building walls to carry through 
the periods of the lowest outside-air temperatures. Therefore, in order 
to avoid installing an excess of heating capacity, which would operate 
at only a fractional part of its rating during most of the heating season, 
the outside-air temperature for a heating-design basis is not taken 
as the lowest on record for the particular locality where the plant is 
to be installed. 

The usual procedure is to secure United States Weather Bureau 
records of the lowest air temperatures and the average wind movement, 
together with its prevalent direction, during the heating season for 
the preceding ten years. For design purposes the outside-air tempera¬ 
ture may be taken as 10 to 15 deg F above the lowest temperature on 
record for the location of the plant. Table 19 gives United States 
Weather Bureau data for various cities of the United States. If 
weather data are not available for the immediate location under con¬ 
sideration, statistics for the nearest city which has available records 
may be used. 

91. Air Temperatures of Unheated Spaces. Design air tempera¬ 
tures of spaces such as attics, cellars, adjoining rooms, and spaces 
below floors, which are adjacent to heated rooms, are more difl^cult to 
fix than those of heated spaces. An empirical method of estimating 
the air temperature for use in the calculation of the loss of heat to an 
unheated space enclosure is to consider it as the mean of the air 
temperature of the heated space and that of the outside air. The air 
temperatures of unheated spaces vary with the heat-transmitting 
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properties of the enclosing materials together with the air leakage of 
the enclosing construction. Numerical values of such temperatures 
range from 15 to 40 F. 

The air temperatures, ta, of adjacent unheated spaces may be esti¬ 
mated by means of equations expressing the flow of heat per hour, 
Ila, through the materials surrounding the space. 

IIa = U\A\{t — ta) = to) 


UlA\t + U 2^2to 

~iJiAi + 


(56) 


where t — air temperature of the heated space, deg F. 
ta — air temperature of the unheated space, deg F. 
to = outside-air temperature, deg F. 

Ui = overall coefficient of heat transmission of the floor, ceiling, 
or wall next to the warm space. 

A 1 = area of the floor, ceiling, or wall bounding the heated space, 
sq ft. 

Uz = coefficient of heat transmission of the floor, ceiling, or wall 
exposed to outside air. 

Az = area of the floor, ceiling, or wall exposed to the outside air, 
sq ft. 


The above is true only when infiltration of air does not occur in the 
region under consideration. Allowances for the radiation of heat 
through the space are made by using larger conductances for the sur¬ 
faces within the space than those considered satisfactory for still air 
conditions. If the air leakage into the unheated space is large in 
amount the air temperature is the same as that of the outdoor air. 

For the estimation of building heat losses, the combination coeffi¬ 
cients of heat transmission (Art. 77) and inside- and outside-air tem¬ 
peratures should be employed wherever possible. 

92. Inside-Air Temperatures. The usual specified air temperatures 
in heating are either the breathing-line temperature, taken 5 ft above 
the floor, or the temperature at the 30-in. level and at a location not 
nearer than 3 ft from an outside wall in either case. The specified 
temperatures are dry-bulb values and vary with the purposes for which 
the heated space is used. Table 20 gives commonly specified breath¬ 
ing-line air temperatures for various classes of heating service. 

Attention is called to Arts. 59 to 65 inclusive, where comfort condi¬ 
tions and the stratification of air are discussed. The designer must 
bear in mind the conditions of his design and select the proper inside- 
air temperature accordingly. 
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TABLE 20 

Breathino-Line Inside-air Temperatures fob Winter Heating 



Dry-Bulb 


Dry-Bulb 


Temperature, 


Temperature, 

Service 

Deg F 

Service 

Deg F 

Bathroom 

85 

Machine shop 

60-65 

Boiler shop 

50-60 

Operating room, hospital 

85 

Factory 

65 

Paint shop 

80 

Foundry 

50-60 

Public building 

68-72 

Garage 

50-60 

Residence 

70 

Gymnasium 

55-60 

School 

70 

Hospital 

72-75 

Store 

65 


93. Air Temperatures at the Proper Level. The estimation of the 
hourly flow of heat through areas <^f walls, windoxv s, doors, floors, ceil¬ 
ings, and/or roofs should be based on the inside-air temperature at 
the proper level which is at the mean height of the surface under 
consideration. 

The increase of air temperature above that of the breathing level is 
not directly proportional to the distance above a point 5 ft from the 
floor. The air temperature gradient curves of Figs. 93 and 95 show 
for a certain room the non-uniform rate of air temperature (change 
with various changes of height of the points of observation. In view 
of the fact that authentic data are lacking for all conditions an approxi¬ 
mation is necessary. The assumption is made that the in(‘.rcase of 
air temperature per foot of height above the 5-ft level is at the rate of 
2 per cent of the breathing-line temperature up to ceiling heights of 
20 ft. Jleyond the level of 20 ft above the floor no further air tempera¬ 
ture increases are to be considered as existent. In equation form the 
rule is expressed as 

t' t+ 0.02(/^ - 5)t (57) 

where V = air temperature at a level h feet above the floor, deg F. 

t = breathing-line air temperature 5 ft above the floor, deg F. 

The rule is satisfactory for rooms heated by tall direct radiators but 
does not hold so well for those systems of heating and ventilation which 
partially project heated air downward against its natural tendency to 
rise. Application of equation 57 should not be made in the calcula¬ 
tions of rooms heated either by means of panels located in floors, 
walls, and ceilings or by use of radiant baseboard units. When the 
air temperature at the breathing line is not less than 55 F the air 
temperature at the floor may be taken as 5 F less than that 5 ft above 
the floor. When the room ceiling height is 10 ft or less corrections need 
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to be made only for the floor and ceiling temperatures unless the 
window areas are placed unusually high in the walls. 

Example. Find the air temperatures at the proper levels for the calculation of 
the heat losses of a room having a ceiling height of 18 ft, door openings 10 ft wid(^ 
and 10 ft high, and window openings 4 ft wide and 8 ft high with the bottoms of the 
windows 3 ft above the floor. The breathing-line air temperature is to be 65 F. 

Solution. 

Air temperature at floor, ^/ = 65 — 5 = 60 F 

Air temperature at ceiling, tc — 65 + 0.02(18 — 5)65 = 81.9 F 

Air temperature at doors, Ij = 65 -b 0.02— 5)65 — 65 F 

Air tcmperat\ire at walls, Uo' = 65 -f 0.02( V“ — 6)65 == 70.2 F 

Air temperature at windows, tg* = 65 + 0.02[(3 -f |-) — 5)65 = 67.6 F 

When the roof serves as the ceiling of a room the air temperature 
under the roof is computed at the mean height of the roof, provided 
that the mean height does not ex(^eed 20 ft. If the mean height exceeds 
20 ft, the air temperature to be used under the roof is 1.3 where t is 
the breathing-line temperature. 

94. Exposure Factors. During the heating season the wind veloci¬ 
ties may be in excess of 15 mph and, although under such conditions 
the outside-air temperature is greater than that used in the design 
calculations, the heat losses due to transmission and infiltration may 
exceed those calculated for design purposes. Therefore engineers 
often add 15 per (;eiit to the heat-transmission losses and infiltration 
losses occurring through the outside walls of rooms exposed to the pre¬ 
vailing winds. The use of an exposure facdor is not necessary if the 
conditions of the design have been properly established. 

96. Intermittent Heating. Economy of healing-plant operation is 
sometimes sought by reducing the output of the plant during the night 
or periods of time when the building is unoccupied. ITie room-air 
temperatures are not lowered to a point where water lines and plumbing 
fixtures may freeze, but the temperatures maintained are too low for 
human comfort. 

Such a mode of operation will effect a saving in the cost of fuel, but 
it may also result in uncomfortable conditions in the stnudure when 
occupancy again takes place after a period of reduced air temperatures. 
The storage of heat in heavy building walls causes a lag in the drop of 
air temperature as the heating-plant output is reduced. Once the 
walls are cooled it may take a considerable period of time to warm 
them again to achieve comfort conditions with a given dry-bulb air 
temperature. When the air temperatures must be brought back to 
normal or even above normal to compensate for the effect of cold wall 
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surfaces, in a short period of time, either the plant must be driven hard 
with reduced operating efficiency or else a plant of larger capacity 
than would be required with continuous heating must be installed. 

The additional amount of heating capacity necessary is dependent 
upon the amount of heat stored in the walls, i.e., the wall thickness 
and its ability to hold heat and the length of time available for bring¬ 
ing the building up to comfort conditions. Walls which lose heat 
readily suffer large drops of their inner-surface tempeiatures during 
periods of reduced inside-air temperatures. When such conditions 
exist the wall surface temperature lag during reheating may make 
overheating of the air necessary to offset the loss of radiant heat from 
the bodies of the occupants to the cold wall surfaces. Therefore the 
savings theoretically made by intermittent healing may be largely 
wiped out. The additional allowances to be made in estimating the 
size of a heating plant operated intermittently d?^peiid upon local 
conditions and the heating engineer's judgment. 

96. Numerical Example of the Calculation of Building Heat Losses. 
The procedure is as outlined in Art. 88. The current codes of the 
National Warm Air Heating and Air Conditioning Association and the 
Guide of the Institute of Boiler and Radiator Manufacturers give simi¬ 
lar methods relative to the estimation of heat losses from structures. 

When the building space is divided, the losses must be found for 
the individual rooms so that sufficient heat-disseminating capacity 
(radiators) may be provided for each separated space. The total 
heat losses from a building with several rooms is less than the sum of 
the estimated losses for the individual rooms. To find the heat losses 
from the building as a unit the transmission losses from all the rcjoms 
should be added together. This will give the heat losses exclusive of 
infiltration losses. The infiltration losses for the building as a unit 
should then be ccjmputed and added to the transmissiem losses. The 
total heat losses for the unit are to be used in the selection of the heating 
boiler or furnace and in the estimation of the fuel requirements for a 
season. 

Example. (Calculate for design purposes the lieat losses from a room of a build¬ 
ing as shown by Fig. 38. 

Solution. Room volume = 24 X 40 X 13 = 12,480 eii ft 
Glass areas = (9 X 13.75) -f (3.5 X 9)5 = 281 sq ft 
Gross wall area = 13(24 -|- 40) = 832 sq ft 
Net wall area = 832 — 281 = 551 sq ft 
Floor or ceiling area = 24 X 40 = 960 sq ft 
Window crack (worst side) = 5[(3 X 3.5) +(2X9)] = 142.5 ft 
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1 1 16 0.5 4.072 

M 5 T 

Uf = ^ ^ = 0.90 (sec footnote of Table 14). 

LM ‘*’12 
V, = 1.13 

m il 2.-78i 8-83 “ 

L65 '^•'S '*' 0.26 1.10 1.03 


I,_j I,_j U_,J U_ J U _ The se dimensions 





Double>hung. single-glass sash 
-Wooden mullions 8" wide 

Outside walls IG** brick with 
l>i* gypsum plaster inside 

Breathing line temp. 70** F 

Lowest outside temperature 
on record -10° F 


-40'-0''- 


^ Adjacent room at 70° F 


' Wood 
sheathing and 
composition 
roofing 



PLAN 

Fra. 38. Itooin for heat-loss enleiilatious. 


Vi" Gypsum 
plaster 

Window cracks 
’46"wide, 
/^"clearance 
Frames Calked 

'6" Concrete floor 
Ground 50° F 
SECTION 


Infiltration of air per linear foot of crack, w ind 15 mph = 39.3 cii ft at 0 F 

and 29.92 in. of mercury 

Infiltration constant Ci = 0.24 X 39 X 0.080 X 1 = 0.81 Btu 
Outside-air temperature for design purposes —10+ 10= OF 
Breathing-line air temperature = 70 F 

Air temperature at mean height of walls = 70 + f0.02(-V" ” 5)70] = 72.1 F 
Air temperature at mean height of windows = 70 + [0.02(3 + | — 5)70] 

= 73.5 F 

Air temperature at ceiling = 70 + [0.02(13 — 5)70] = 81.2 F 

= 1.13 X 281 (73.5 - 0) = 23,340 

Hy, = 0.25 X 551 (72.1 - 0) = 9,930 

Hf = 0.90 X 960 (65 - 50) = 12,960 

He = 0.15 X 960 (82.1 - 35) = 6,780 

Hi = 0.81 X 142.5(73.5 - 0) = 8,480 
Total hourly losses = 61,490 Btu 

Where more than one room has to be considered it is convenient to arrange the data 
relative to the various rooms in the form of Table 21. 
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TABLE 21 

Heat Losses from a Room 
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flPQ 

2 2 
OflQ 

1 

70 

12,480 

281 

551 

960 

960 

142.5 

23,340 

9930 

12,960 

0,780 

8480 

61,490 


In the preceding example the actual heat losses through the floor 
slab are probably less than the 12,900 Rtu per hr which were calcu¬ 
lated and shown in Table 21. Earth beneath a floor laid upon it 
serves as a heat storage reservoir, and its moisture content, tempera¬ 
ture, and thermal conductivity vury considerabl ). He(‘ause of these 
factors the coefficient Uj = 0.90 Btu, when used with a temperature 
difference of 15 F as in the example shown, may not give the actual 
amount of heat lost through a floor slab; the same is true when a 
coefficient equal to 0.10 Btu (Table 14) is employed. 

Investigations,^ at the University of Illinois, have indicated a pro¬ 
cedure similar to the following one for an uninsulated floor slab resting 
on earth. Heat may be expected to flow to outside air through a 
floor area which has a width of 3 ft along the room walls, which have 
an outside exposure. For use in making calculations with an uninsu¬ 
lated floor resting on earth a factor of 0.58 may be used with the out¬ 
side-air-temperature difference. The calculation of the heat lost 
through the portion of the slab which is 3 ft in width and L ft in length 
is Hfo = 0.58 X L{tf - to) = 0.58(40 + 24) ((>5 - 0) = 2415 Btu per 
hr. The remaining floor area Aji = 37 X 21 = 777 sej ft, and its 
loss of heat = 0.10 X 777(65 — 50) = 1165 Btu per hr, when f// = 
0.10. This method of calculation indicates that the floor losses Hj are 
Hfo + Hfi = 2415 + 1165 = 3580 Btu per hr. This quantity is 
materially lower than the 12,960 Btu per hr as given in Table 21. 
This calculation changes the estimated heat losses of the room from 
61,490 to 52,110 Btu per hr. Until more definite data are available 
the estimation of the losses of heat through floor slabs resting on earth 
is governed largely by the calculator’s experience and judgment. 

97. Heat Sources. The heat losses from a room or a building must 
be estimated to cover the design conditions of air temperatures, wind 
velocities, etc., without thought of the sources of heat within the space 

® “Temperature and Heat Loss Characteristics of Concrete Floors Laid on the 
Ground,” by H. D. Bareither, A. N. Fleming, and B. E. Alberty. A report of an 
investigation conducted by the Small Homes Council and the Department of 
Mechanical Engineering of the University of Illinois, August, 1948. 
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to be warmed. This routine is necessary in order to properly select a 
heating plant for the service to be rendered as there may be no gains 
of heat within a space during periods of unoccupancy. Therefore, 
the plant must be capable of producing a comfortable air condition 
within a heated space prior to its occupancy. After occupancy does 
take place as in crowded auditoriums and theaters the sensible heat 
from people, lights, motors, and other equipment may change the 
problem from that of supplying the building heat losses to that of 
providing an adequate amount of conditioned ventilating air for the 
removal of excess heat. The problem may thus become one of tem¬ 
perature regulation. 

The heat from lights, motors, etc., is the product of the wattage input 
and 3.412 Btu, the heat ecpiivalent of a watt-hour. An estimate of 
the sensible heat liberated by people can be based on the data of Art. 
61. This item is the product of the heat given off per individual and 
the number of room occupants. 

98. Heat for Air Humidification. The additional load imposed upon 
a heating plant due to air humidification can be estimated by the 
methods discussed in Arts. 49 and 50. This humidification load should 
include that necessary to humidify air leaking in by infiltration and 
that also necessary for a supply of conditioned ventilating air. 

99. Monthly and Seasonal Loads. When either steam, gas, or 
electricity is purchased for heating purposes, the rate per unit used is 
often dependent upon the amount consumed per month, and the total 
costs per heating season are the sum of the monthly costs. With coal 
and oil purchases by contract at a uniform pri(;e for the entire season it 
is not necessary to estimate the monthly costs in finding the seasonal 
costs. In any event the calculated costs, either per month or per sea¬ 
son, must be based on the expected heat requirements of the building 
per unit of time considered. The purchased commodity, steam, coal, 
gas, oil, or electricity, must provide for the heat losses of the building 
as a unit and other losses such as from piping. In buying fuel the 
efficiency of combustion has to be taken into account. Two methods 
are available for the estimation of heat or fuel consumption. The 
first method to be considered is based on the heat reiiuirements of the 
building per unit of time involved as estimated for the average inside- 
outside-air-temperature difference for the period. The second method 
requires data relative to a term known as the degree day. 

By the method first mentioned the heat requirements per period 
considered are 

Htitr - fa)N 


t - t, 


(58) 
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where M = heat losses, Htu per month or per season as required. 

Hh = heat losses to be supplied in building, including piping 
losses, based on design conditions, Btu per hr. 

tr = inside-air temperature, deg F. 

ta = average outside-air temperature during the period con¬ 
sidered. 

N — number of hours heating service rendered, per month or 
per season. 

t = inside-air temperature used for design purposes, deg F. 

to = outside-air temperature used for design purposes, deg F. 

Purchased steam may be expecct^d to yield approximately 1000 Btu per 
lb when used in a heating system. The weight Wg of steam per unit of 
time considered is M 4- 1000 or 


Ilbjtr — 

1000- to) 


(59) 


When fuel is burned to produce the heat, the requirctl amount is 


Wf = 


M 

Feu X E 


(60) 


where W/ 



E 


units of fuel reejuired per time interval considered, i.c., 

tons of coal, cu ft of gas, gal of oil, etc. 

total heat losses for the period, Btu 

heating value of the unit of fuel used, i.e., Btu per ton, 

per cu ft, per gal, etc. 

efficiency of fuel utilization expressed decimally. 


The term degree day was originated by the American Gas Association. 
It is based on the idea that heat is not required in a building main¬ 
tained at 70 F when the average outside-air temperature, represented 
by the mean of the maximum and minimum outside-air temperatures 
for the day, does not fall below 65 F. Each degree that the average 
outside-air temperature falls below 65 F represents a degree day. 
Thus if the average of the maximum and the minimum temperatures 
of a day is 60 F the number of degree days is 5. The degree days thus 
determined are totaled and reported per month and per heating season. 
These totals vary with different localities. 

Use of the degree-day factor is made by multiplying the degree days 
involved for a given period of time by either the steam or fuel consump¬ 
tion, per degree day, of the building under consideration. Data, Table 
19 for the degrees days of various localities during the heating season 
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are compiled for use by several different agencies, among them the 
United States Weather Bureau and the ASIIVPL The unit consump¬ 
tion of steam or fuel used per degree day is entirely dependent upon 
the building, the fuel used, and the efficiency of operation of the heating 
plant. These variable factors make comparisons of individual build¬ 
ings with others of the same classification somewhat difficult for the 
following reasons. 

TABT.E 22 

Steam Consumption for Various ('lasses of Buildinos* 

(Heating season only) 

Stf‘ain (‘onsumption 

Number Pounds per Degree Day— 65 F Basis § 



of 

Per M Cu Ft 

P(u- M Sq Ft 

Per M Btu 


Ihiildings 

of Heated 

of Radiator 

per Mr of 

Building Classification 

Listed 

Spa(^e 

Surface f 

Heat Ix)sst 

Apartments 

16 

1.78 

07.5 

0.350 

Hotels 

10 

1.46 

80.6 

0.371 

licsidcnccs 

12 

1.32 

64.2 


Printing 

7 

1.25 

105.5 


Clubs and lodges 

10 

0.06 

77.0 


Retail stores 

18 

0.00 

80.6 

0.268 

Theatr(js 

6 

0.00 

75.0 

0.408 

Loft and manufacturing 

16 

0.80 

72.3 

0.283 

Banks 

7 

0.88 

45.2 


Auto sales and service 

8 

0.83 

62.2 


('hurches 

6 

0.58 

40.4 


Department stores 

14 

0.57 

60.7 

0.238 

Carages (storage) || 

6 

0.42 

72.3 


Offices (total) 

35 

1.00 

70.0 

0.283 

Offices (heating only) 

35 

0.975 

65.4 

0.256 


* Includes steam for heating domestic water for heating seasons oidy. 

t Kquivaleiit steam radiator surface. 

t Heat loss calculated for maximum design condition (in most cases 70 F hiside, 
zero outside). 

§ The figures are a nurmu-ical, not a weighted, average for the several buildings 
in eacdi class. 

I! Based on zero consumption at 55 F. 

The kind, type, construction, and daily period of occupancy during 
the heating season of a building are of importance. All fuels vary in 
heating value per unit of measurement, i.e., per pound or per cubic 
foot. Likewise the efficiency of utilization of the heat from a given 
fuel is quite different in many cases. Therefore the unit consump¬ 
tion of steam or fuel is variable for buildings of the same general 
classification. 
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Comparative data for the steam consumption of different types of 
buildings per degree day are given by Table 22.^° 

PROBLEMS 

1. A test of a wall section with a guarded hot box gave the following data: V 
equal to 0.28 Btu per hr per sq ft per deg F; inside-air temperature, 100 F; outside- 
air temperature, 80 F; and area of wall section, 9 sq ft. Find the electrical inp\it 
to the box in watts per hour. 

2. A wall section 3 ft by 3 ft had the heat equivalent of 6.6 watt-hours pass 
through it each hour when the air temperatures adjacent to its sides were 85 F 
and 75 F. Find the overall coefficient of heat transmission U. 

3. The continuous input of electrical energy to a guarded hot box was 8.5 
watts. The wall section under test had an area of 9 sq ft, and the air tcunporature 
difference between its two sides was 21 F. Find the overall coefficient of heat 
transmission U. 

4. Find the overall coefficient of heat transmission U for a plain coinmon-bricrk 
wall 20 in. thick when the wind velocity is 15 mph and the Inside aii is still. 

6 . Find the overall coefficient of heat transmission U for a 12-in. average- 
concrete wall with ^ in. of stucco on the outside when the outside-wind velocity 
is 10 mph and the inside air is still. 

6 . Find the overall coefficient of heat transmission U for a wall consisting of 4 in. 
of face brick, ^ in. of cement mortar, 8 in. of stone, and f in. of gypsum plaster. 
The outside-air velocity is 15 mph, and the insitle air is still. 

7. A wall has an overall coefneient of heat transmission of 0.18 Btu per sq ft 
per deg F when the outside-wind velocity is 15 mph and the inside surface is 
exposed to still air. Find the inside- and outside-surface temperatures when the 
inside- and outside-air temperatures are 73 F and —15 F, respectively. What is 
the total resistance of the wall? 

8 . A wall with a total resistance of 8.3 has a stucco outer surface and a smooth- 
plaster inside finish. The outside-wind velocity is 25 mph, and the inside air is 
still. Find the overall coefficient of heat transmission U and the inside- and out¬ 
side-surface temperatures when the inside air is 65 F and the outside-air tempera¬ 
ture is —15 F. 

9. A wall is constructed of 4 in. of face brick and 6 in. of hollow tile with i in. 
of cement plaster on each side of the tile. Find the inside- and outside-air tem¬ 
peratures when the inside-surface temperature of the waU i > 65 F and the differ¬ 
ence of inside- and outside-air temperatures is 15 F when the outside-air velocity 
is 15 mph. 

10. A wall consists of 8 in. of face brick, -j-in. air space, -fi^-in. yellow-pine box¬ 
ing, and studding 3f in. wide, the spaces between the studding being filled with 
mineral wool; the inside finish is gypsum board in. thick. Find the ovt^rall 
coefficient of heat transmission U when the outside-wind velocity is 10 mph. 

11. A wall consists of 4 in. of face brick, in. of cement mortar, 8-in. hollow 
clay tile, an air space l-|-in. wide, and wood lath and plaster totaling -Jin. thickness. 
Find the overall coefficient of heat transmission U when the wind velocity is 
15 mph. 

“Heat Requirements of Buildings,” by J. H. Walker and G. H. Tuttle, 
ASHVE Trans., Vol. 41, 1935. 
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12. A cinder-concrete roof 8 in. thick is covered with asphalt shingles. Find 
its overall coefficient U when the wind velocity is 15 mph. 

13. A roof with yellow-pine decking if in. thick is covered with composition 
roofing. The air beneath the roof is at 95 F dry-bulb temperature and has a 
relative humidity of 70 per cent. What thickness of sugar-cane fiber board must 
be placed beneath the wood to prevent moisture condensation wlien the outside- 
air temperature is —50 F and the wind velocity is 15 mph. Allow 2 deg F as a 
safety factor. 

14. A wall has an overall coefTicient of heat transmission U equal to 0.23 Btu 
per sq ft per hr per d(^g F. What is the conductance' of the wall when its outside 
surface is (exposed to a wi;id velocity of 15 mph and its inside surface is in contact 
with still air? 

15. A factory building has a volume of 100,000 cu ft in which one-half air change 
per hour takes place. The air temperature at the breathing line is 58 F. Find 
the hourly heat losses due to infiltration when the outside air is at —10 F. 

16. Find the heat losses due to air infiltration in a bathroom which has a volume 
of 650 cu ft when the outside-air temperature is —25 and the inside-air temperature 
is 85 F. The space has a single exposure. 

17. A room has double-hung windows each having 21 lin ft of ^jj-in. crack with 
l^-in. clearance. Find the heat lost, Btu per hour p(‘r foot of crack and per 
window, when the inside-air temperature is 75 F, the outside air temperature 10 F, 
and the wind velocity 10 mph. 

18. A room has two exposures which have 60 and 115 lin ft of crack in unlocked 
double-hung metal windows. The inside-air temperature is 70 F, and the outside- 
air t(‘mp(‘rature is —15 F. Find the heat losses due to air infiltration when the 
wind velocity is 20 mph. 

19. A roof has a coefficient of heat transmission of 0.50 Btu per hr per sq ft per 
deg F, and the ceiling beneath it has a coefficient of 0.45. The roof and ceiling 
areas are 900 and 600 sq ft, respectively. Find tlui air temperatun^ in the attic, 
space wdien the outside-air temperature is —10 F and the air temperature beneath 
the ceiling is 70 F. 

20. The height of a room ceiling is 12 ft and the breathing-line air temperature 
is 72 F. h'ind the air temperature at the floor, the mean height of the wall, and 
at the ceiling. 

21. A room lias windows 3 ft by 5 ft with the bottoms placed 24 in. from the 
floor. Find the mean temperature of the air on the glass if the room breathing- 
line air temperature is 75 F and the room is heated by 32-in. tubular radiators. 
Find the air temperatures at the floor and the ceiling if the ceiling height is 10 ft. 

22. Calculate the hourly heat losses for the room of Fig. 38 for design purpose's 
when the inside-air temperature is 72 F at the bn'athing line and the air tempera¬ 
ture of the adjacent rooms is 55 F. The interior walls are of 12-in. common brick 
plastered on each side with gypsum material in. thick, and the wood door is 
2 in. thick. The lowest outside-air temperature on record is 0 F, and the outside 
wind velocity may be taken for design purposes as 15 mph. 

23. A single-stcry building has common-brick walls 12 in. thick plastered with 
cement mortar ^ in. thick on the inside. The building is 50 ft by 200 ft exposed 
on all sides and has no ceiling except the roof. The floor laid on the ground is 
8-in. stone concrete. The roof has a ridge along the longitudinal axis of the 
building which is 30 ft. above the floor level. The roof is of if-in. fir decking 
covered with composition roofing. The height of the side walls is 18 ft. Each 
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long side Las twenty windows 3 ft wide and 8 ft high placed with tlieir bottoms 
3 ft from the floor. The ends each have two windows of the size and placement 
of those of the side walls and also wooden doors 2^ in. thick fitt(‘d into an opening 
12 ft wide and 10 ft high. Each doorway has two horizontal cracks 12 ft long and 
three vertical cracks 10 ft. high, each xV hi. wide. (Use doors as industrial 
pivoted steel sash for estimating air leakage.) The windows are double-hung 
wood sashes with iV-in. crack and ^-in. clearance. The inside-air temperature 
desired at the breathing line is 55 F and the lowest outside-air temperature on 
record is 20 F, with an average wind velocity during the heating season of 15 mph. 
Consider the ground temperature as 50 F. Calculate for design purposes the 
hourly heat losses from the building. 

24. A building has hourly heat losses amounting to 125,000 Btu based on an 
inside temperature of 70 F and an outside temperature for design purposes of 
— 10 F. The average outside-air texriperaturo during a uionth of 30 clays was 
35 F. Find the number of tons of coal required for the month if fuel having a 
heating value of 10,670 Btu per lb is used ith an efficiency of '>5 per cent. Assume 
24 hr per day for the heating service, and allow 25 per /on" extra fo»' unavoidable 
losses in the system. 

26. During the heating season a building having a volume oT 80,000 v\i ft 
required 1200 Btu per 1000 cu ft of volume per degree day for lieating. The total 
degree days for a season amount'd to 5400. Find the cost of heating ihe building 
with oil, which cost 0 cents per gal, that weighs 7 lb and has a heating value of 
18,500 Btu per lb, if the oil is utilized with an efficiency of 70 per cent. 



CHAPTER 5 


FUELS, COMBUSTION, DRAFT, CHIMNEYS, AND AUTOMATIC¬ 

BURNING EQUIPMENT 

100. Fuels. Hea't energy may be secured by the rapid oxidation 
of a fuel existing in either a natural or a prepared form and which may 
be in either a solid, a liquid, or a gaseous state. 

The principal fuels used for heating are: coal of various kinds, sizes, 
and grades and its derivative coke; distillates of petroleum oils, known 
as fuel oils; and either natural or manufactured gas. Wood although 
used somewhat in various localities will not be considered. The chief 
heat-producing elements of any commercial fuel are carbon and hydro¬ 
gen or the compounds of the two. 

101. Coal. In its various states coal is the remains of vegetable 
materials which have been subjected to great heat and pressure. The 
composition of coals vary greatly according to the changes that they 
have undergone and the impurities which have entered into them. 

Accurate analyses of coal may be either proximate or ultimate. The 
proximate analyma separates a coal into four parts, which are, by per¬ 
centages, moisture, volatile matter, fixed carbon, and ash. Generally 
a separate determination of the sulfur is made and reported with the 
proximate analysis together with the heating or calorific value of the 
coal. An ultimate analysis gives the percentages of all the coal constit¬ 
uents, which are: carbon, hydrogen, nitrogen, oxygen, sulfur, moisture, 
and ash. Both forms of analysis are available, but the ultimate 
analysis is of more value when exhaustive studies of combustion are 
to be made. Either analysis may be reported in three ways: (1) as 
received or fired, (2) dry or moisture free, and (3) combustible, which 
is the fuel ash and moisture free. 

102. Coal Classifications, Chemical and Physical. Table 23 indi¬ 
cates proximate analyses and chemical constituents (ultimate analyses) 
of coals which are of commercial value. The different kinds of coal 
indicated therein fall within the limits of classifications, based on rank, 
as defined by the ASTM Standards of 1937. 

The ASTM rank classifications separate anthracites, semi-anthra¬ 
cites, and low-volatile bituminous and medium-volatile bituminous 
coals by percentage limits of fixed carbon and volatile matter when 
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determined on a dry basis. High-volatile, Aj bituminous coals are 
classified according to their fixed carbon and volatile matter on a dry 
basis and the heating value as existent with their original vein moisture. 
High-volatile, B and C, bituminous coals; sub-bituminous coals Ay 
By and C together with lignites arc separated into different ranks on 
the basis of their Btu per pound heating value when holding their 
vein moisture. 

Important physical characteristics of different kinds of coals are 
listed in the following .paragraphs. 

Anthracite coal is very hard, shiny-black, non-coking, very low in 
volatile matter, high in fixed carbon, and slow to ignite unless the 
furnace temperature is high; it requires a strong draft, burns with 
little or no flame, and is desirable where smokeless combustion is 
essential. 

Semi-anthracite coal differs from anthracite in that it has more vola¬ 
tile matter, less fixed carbon, less luster, and it burns with longer and 
more luminous flames. 

Semi-bituminons coal is the highest grade of bituminous coal; it 
burns with little smoke, is softer and contains more volatile matter and 
less fixed carbon than the anthracites, and has a tendency to break up 
into fine pieces. 

Bituminous coals are ^^soft,^^ have high percentages of volatile mat¬ 
ter, burn with long yellow smoky flames, and vary greatly in their 
composition. The distinctions between bituminous coals of eastern 
and mid-continent origin are in their percentages of vein moisture and 
volatile matter. 

Sub-bituminous coals, known also as black lignites, are low-grade 
bituminous coals, which do not have the woody structure that charac¬ 
terizes lignites. They are high in ash, moisture, and volatile matter, 
and they disintegrate when exposed to air. 

Lignites are the first step in coal formation after peat; they have a 
woody clay-like appearance and high moisture content, and they dis¬ 
integrate readily. 

C'aking or coking coals fuse together; non-coking coals do not fuse. 
High-ash coals are those having an ash content of more than 10 per 
cent. 

103. Coal Sizes. In mining operations, the coal produced ranges 
in size from large lumps to fine dust. Generally the fine sizes contain 
more impurities and dirt due to segregation and consequently have a 
lowered heating value. 

Commercial sizes of bituminous coals differ somewhat in different 
areas of production, but they may be listed as run of mine, lump of 
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various sizes, nut, screenings, and slack. Anthracite coal is listed as 
large egg, stove, nut, pea, buckwheat, and rice. 

104. Prepared Solid Fuels. Coke is the solid residue left after the 
destructive distillation of certain kinds of bituminous coals and the 
final residue in the distillation of petroleum oils. The physical and 
chemical properties of either coal coke or petroleum coke are depend¬ 
ent upon (1) the specific kind of coal or oil used, (2) the method by 
which the volatile materials are driven off, and (3) the subsequent 
exposure to moisture. 

Coal cokes consist largely of the carbon and the ash of the coal, 
together with small amounts of volatile materials. Petroleum cokes 
have high carbon content, low amounts of volatile materials, and high 
heating values. 

The analyses of cokes vary greatly, but the data oi' Table 24 indicate 
their general characteristics. 


TABLE 24 
Analysks of Coke 


Proximate Analysis as Received 

Ultimate Analysis as Received 

Sample 

Coal 

Petroleum 

Sample 

( 'Oal 

Petrohuim 

Moisture 

10.77 

5.50 

(-arbon 

73.16 

87.01 

Volatile matter 

4.92 

5.82 

Hydrogen 

1.18 

3.91 

Fixed C-arbon 

72.26 

87.50 

Oxygen 

1.13 

0.63 

Ash 

12.05 

1.18 

Nitrogen 

0.92 

0.85 

Heating values as re¬ 
ceived, Btu per lb 
Heating value dry. 

11,160 

15,000 

Sulfur 

0.79 

0.92 

Btu per lb 

12,506 

15,886 





C'ertain fine sizes of coals mixed with some binding material, such as 
pitch, tar, etc., and pressed into small blocks are known as briqueites. 
The heating value of briquettes is entirely dependent upon the calorific 
values of the coal and the binder employed. The use of briquettes 
is a matter of convenience, but the costs of production have made 
them relatively expensive. 

Pulverized coal ground to dust fineness has a wide application in 
power plants but at the present has little application in domestic 
heating, although some progress has been made in this field. 

106. Fuel Oils. The chief constituents of fuel oils are carbon and 
hydrogen, which are united in a series of very complex hydro(;arbon 
compounds. Other items in the analyses are oxygen, nitrogen, sulfur. 
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and moisture. The last is very undesirable, especially when it forms 
an emulsion. Crude oils are never used for heating, but their analyses 
are not much different from those of their fuel distillates. Typical 
properties of a few crude and fuel oils are given by Table 25. 

TABLE 25 


Analyses of Typical American Oils* 



Physi(ral Properties 


(chemical Properties 


Ijoc.ation 

Grav¬ 
ity, 
API 
at 60 
Deg F 

Spe- 
ciRc 
Grav¬ 
ity 
at 60 
Deg F 

1 

Flash 
Point, 
Deg F 

Burn¬ 
ing 
Point, 
Deg F 

C 

Car¬ 

bon 

II 

Hydro¬ 

gen 

0 

Oxy¬ 

gen 

S 

Sul¬ 

fur 

Calo¬ 
rific 
Value, 
Btu 
per Lb 

Calif, cnido mid¬ 
way 

16.3 

0.957 

172 

210 

86.58' 

11.61 

0.74 

0.82 

18,613 

Penn, crude 

39.8 

0.826 

... 


82.00 

14.80 

3.20t 


17,930 

West Va. crude 

36.7 

0.841 



84.36 

14.10 

1.60t 


18,400 

Texas crude 

22.3 

0.920 

142 

181 

84.60 

10.90 

2.87t 

1.63 

19,060 

Okla. crude 

25.3 

0.903 

264 

286 

87.93 

11.37 

0.19 

0.41 

19,650 

Texas fuel 

21.3 

0.926 

216 

240 

83.26 

12.41 

3.83 

0.50 

19,481 

P(;nn. fuel 

28.2 

0.886 



84.90 

13.70 

1.40t 


19,200 


* Fuel Oil in Industry^ l)y Stephen O. Andros, 
t IiK^ludes nitrogen. 


In general the percentages of the principal components range as 
follows: carbon, 80 to 87; hydrogen, 12 to 15; and sulfur, 0 to 5. The 
specific gravities vary from 0.80 to 0.97 and the heating values from 
18,500 to 20,000 litu per lb. 

Fuel oils are standardized in six grades, which are designated by 
numbers, five of which are listed in Table 26. Grades 1, 2, and 3 are 
known as light, medium, and heavy domestic fuel oils. Oils classified 
by the numbers 4, 5, and 6 are respectively light, medium, and heavy 
industrial fuel oils. Number 4 oil is not ordinarily listed in fuel-oil 
specifications. 

106. Fuel-Oil Specifications. Fuel oils should be hydrocarbon oils 
free from grit, acid, and fibrous materials, and they should have limita¬ 
tions on their sulfur, silt, and moisture contents. Specifications for 
fuel oils should include the items of viscosity, specific gravity, flash 
point, burning point, pour point, calorific value, and water, silt, and 
sulfur contents. 
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TABLE 26 

Requirements for Fuel Oils* 

al Bureau of Standards CS 12-40 except gravity and heating value) 

Approxi- 

mate 

Heating 
Valve, 
Btu per 
Gal 

f' 

138.:oo 

141.000 

148,500 

152,000 

API 

Grav¬ 

ity, 

Deg 


SS-40 

34-36 

28-32 

18-22 

14-16 

Viscosity, 

Seconds 

Saybolt 
Furol 
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fl 
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-- 
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Pi 



300 

Saybolt 
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* Recognizing the necessity for low sulfur fuel oils used in connection with heat-treatment, non-ferrous metal, glass and ceramic furnaces and other special usesi 
a sulfur requirement may be specified in accordance with the following table: 
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Viscosity is a measure of the internal frietion of the oil or its resist¬ 
ance to free flowing. Viscosity is specified at definite temperatures 
as determined by some specific viscosimeter and is the time in seconds 
required for a definite (luantity of the oil, at the prescribed tempera¬ 
ture, to flow through the orifice of the viscosimeter. 

Specific gravity is the ratio of the weight of a given volume of the oil 
to the weight of an equal volume of water at the same temperature. A 
temperature of GO F is commonly used so that sp gr G0°/G0° F means 
that oil at 60 F has been referred to water at 60 F. Specific gravities 
may be determined by either a hydrometer or a Webtphal balance. 
The oil industry uses the American Petroleum Institute (API) si^alo 
to express specific gravity in degrees. The API scale fixes a reading of 
10 deg as eijual to a specific gravity of 1.00. Readings greater than 10 
deg indicate a specific gravity less tliari 1.0 or an )il .v^hich is lighter 
than water. Actual specific gravities may be calciPatf'd from degrees 
API by the following equation: 


Sp gr 


141.5 

131.5 + deg API 


(61) 


Specific gravities are useful in computing the weights of unit volumes, 
as oils arc usually sold cither by the volume in gallons or barrels of 42 
gal. 

Flash point and burning point are, respectively, the temperatures at 
whi(4i, when an oil is heated, its vapors flash or burn momentarily and 
burn continuously when a small flame is brought near its surface. 
Pour point is the lowest temperature at which cold oil will flow. 

Actual determinations of heating value, made with a calorimeter, are 
the most useful, as the calorific value may be only approximately cal¬ 
culated by Dulong’s equation. Water and sediment contents should 
not exceed 0.05 per cent for No. 1 oil and 2 per cent by volume for 
No. 6 oil. Although sulfur is undesirable, an amount not in excess 
of 2 per (^ent is not seriously objectionable in the heavier oils. 

107. Gaseous Fuels. The use of gas as a fuel in heating plants has 
become quite extensive especially since the advent of long-distance 
high-pressure transmission lines for the conveyance of natural gas. 
Data relative to various gases are given in Table 27. 

Natural gas occurs in many localities and usually consists of a high 
percentage of methane, ethane, and small percentages of nitrogen, 
carbon monoxide, carbon dioxide, etc. The heat value of natural 
gas ranges from 850 to 1150 Btu per cu ft. 

By-product coke-oven gases range from 400 to 600 Btu per cu ft in 
heat value and contain considerable percentages of hydrogen and 
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methane, together with low percentages of carbon dioxide, nitrogen, 
oxygen, and carbon monoxide. 

City gas is secured by the destructive distillation of a suitable coal 
and the decomposition of water vapor (steam). The product is often 
enriched by the use of a petroleum oil in the process. 


TAHLE 27 

Analyses of Fuel Oases 


Gas 

Composition by Volume, Per Cent 

Heat¬ 

ing 

Value, 

IHu 

per 
Cm Ft 

Hydro¬ 

gen, 

H., 

Meth¬ 

ane, 

CIL 

p]thyl- 

ene, 

C,H4 

Eth¬ 

ane, 

C 2 H 6 

C-ar- 

bon 

mon¬ 

oxide, 

c:o 

(^ar- 
bon 
di¬ 
oxide, 
CO 2 

Oxy¬ 

gen, 

O 2 

Nitro¬ 

gen, 

N 2 

Natural, Penn. 


90.0 


9.0 


0.2 


0.8 

1126 

Okla. 


94.3 




1.10 


4.6 

1006 

CaWi. 


59.2 


13.9 


26.2 


0.7 

889 

Coke-oven 

50.0 

36.0 

4.0 


6.0 

1.5 

0.5 

2.0 

603 


57.4 

28.5 

2.9 


5.1 

1.4 

0.5 

4.2 

536 

("ity gas 

42.84 

8.01 

9.10 

6.29 

21.0 

3.60 

0.9 

8.26 

540 


Liquid’-pciroleum gases, by-products of oil refineries, (consist of butane, 
C 4 H 10 , and propane, C 3 H 8 . The materials can be liquified at rea¬ 
sonable temperatures and pressures which allow them to be transported 
in tank cars and stored in suitable containers on the purchaser's 
premises. The gases are used in various ways for both industrial 
and domestic purposes. Each may be used alone when vaporized 
and mixed with air, they may bo blended together and mixed with air 
to form a fuel gas, or they may be mixed with other fuel gases, in 
various proportions, to augment a fuel supply. The higher heating 
value of butane is 21,320 and of propane 21,020 Btu per lb. 

108. Calorific Value of Fuels. The heat liberated by the complete 
and rapid oxidation (or burning) of a unit weight or volume of a fuel is 
the heating or calorific value of the fuel. For solid and liquid fuels the 
heating value is expressed in Btu per lb. For gaseous fuels the heating 
values are expressed in Btu per cu ft of gas measured at a temperature 
of 60 F and a pressure of 30 in. of mercury. 

Fuels which contain hydrogen or hydrocarbons have two heating 
values, the higher and the lower. The higher heating value of a fuel is 
the one indicated by any sort of a fuel calorimeter. The lower heating 
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value is the net heat liberated per pound of fuel after the heat necessary 
to vaporize the steam formed from the hydrogen, as well as that from 
the fuel, has been deducted. 

The heating value of a fuel may be found by two methods: by cal¬ 
culation and by the use of a fuel calorimeter. When the ultimate 
analysis of the fuel is known the heating value may be computed. 
The most satisfactory method of determining the heating value is to 
burn a quantity of the fuel in a calorimeter and to measure the rise in 
temperature induced in a given quantity of water. When the proper 
corrections are applied for the calorimeter parts, radiation, etc;., the 
heat value per unit of the fuel may be determined from the calorimeter 
data. 

109. Heating Value of a Fuel by Calculation. Dulong's formula 
for the heating value F of a solid fuel based on the :i(;tnal weight of the 
total carbon C, the available hydrogen H — 0/8, and the sulfur is 
expressed in Btu per pound as 

F = 14,5400 + 02,000(/f - 0/8) + 4050S (02) 

In the foregoing equation the values of C, H, 0, and S for the fuel are 
obtained from its ultimate analysis and are expressed decimally. 
Dulong^s ec^uation gives only approximate results when used to cal¬ 
culate the heating value of a liquid fuel from its ultimate analysis. 

The heating values of gaseous fuels may be (calculated from their 
volumetric analyses if the calorific values per cubic; foot of the various 
constituents are known. Such calculations are based on the assump¬ 
tion that each constituent is free and does not influence the others. 
The calorific values of several constituents of gases are given in Table 
28. 


TABLE 28 

Calorific Values of Oases 
At 60 F and 29.92 in. of meroury 


Gas 

Sym¬ 

bol 

Heating Value, 
Btu per C\i Ft 

Gas 

Sym¬ 

bol 

Heating Value, 
Btu per Cu Ft 

Higher 

Ix)wer 

Higher 

Lower 

Carbon mon¬ 




Methane 

CH4 

1008 

916 

oxide 

CO 

322 

322 

Ethylene 

C2H4 

1598 

1510 

Hydrogen 

H2 

330 

282 

Ethane 

C2H« 

1763 

1625 


110. Combustion. This process is one of oxidation, the necessary 
oxygen being supplied from air. The burnable parts of the fuel ulti- 
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mately become parts of the gaseous products of combustion. The 
prerequisites of good combustion arc a furnace of proper design, an 
adequate supply of oxygen secured from a sufficient but not excessive 
air supply, a thorough mixture of the oxygen and burnable parts of the 
fuel, and furnace temperatures high enough to gasify the fuel, to ignite 
the mixtures, and to maintain the process. 

Actually in the ordinary furnace fuels cannot be burned with the 
theoretical amount of air necessary for their combustion. Because 
of the limitations in getting oxygen to the combustible parts of a fuel 
it is necessary to supply some excess air in combustion processes in 
order to secure a better operating efficiency. Care must be taken to 
hold the amount of excess air to a minimum as it lowers the tempera¬ 
ture of the products of combustion and causes greater heat losses in 
the dry flue gases by virtue of their increased weight over those formed 
with the proper air supply. The complete combustion of pure carbon 
with the theoretical amount of air would give a gas having about 21 per 
cent of carbon dioxide, CO 2 . Most fuels contain both carbon and 
hydrogen; hydrogen burns to water vapor. Therefore such fuels 
never produce dry flue gases which show a percentage of CO 2 as high 
as 21. Excess air leads to a further reduction of the CO 2 volume 
in dry gases. For coals good combustion exists in domestic heating 
plants when the CX )2 of the flue gases ranges from 10 to 15 per cent; 
with oils 8 to 12 per cent CO 2 is satisfactory; and with gases containing 
hydrogen from 7 to 10 per cent CO 2 is practical. 

Smoke is a term applied to escaping flue gases which are colored by 
fine ash particles, free-c^arbon particles, or both. Smoke may range 
in color from a slight gray haze to a deep black. Smoke resulting 
from incomplete combustion arises from the inability to maintain the 
combustion process under the conditions designated in the first para¬ 
graph of this article. Black smoke, with unburned free carbon par¬ 
ticles, is indicative of poor combustion, and the greatest heat losses, 
occasioned by it, are due to unburned carbon in the form of carbon 
monoxide, CO, and unburned hydrogen and hydrocarbons. 

111. Flue-Gas Analyses. Determination of the percentages by 
volume of the various constituents in the dry gases comprises a flue¬ 
gas analysis. Usually analyses include only the percentages of car¬ 
bon dioxide, oxygen, carbon monoxide, and nitrogen. More complete 
analyses include the percentages of hydrogen and hydrocarbons that 
may be present. Flue-gas analyses should always be made of repre¬ 
sentative samples properly collected and protected. A portable 
analyzer, known as the Orsat apparatus, is shown by Fig. 39. The 
essential parts are: the measuring burette A, the leveling bottle F, 
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the gas cleaner H, and the absorption pipettes, B, C, D, and E which 
are interconnected by means of a manifold having the ground cocks 1 . 
The measuring burette is water jacketed to prevent temperature and 
density changes of the gas. Carbon dioxide is absorbed in pipette 
B, which is partially filled with caustic potash KOH; oxygen is taken 

out in pipette (7, which contains 
an alkaline solution of pyrogallic 
acid, and carbon monoxide is ab¬ 
sorbed by an acid solution of 
cuprous chloride in pipettes D and 
K. The absorptions must occur in 
the order indicated, and the nitro¬ 
gen is obtained by difference. 

112. Combustion Air and Flue- 
Gas Weights. All the following 
equations^ may be derivcid in a 
logical manner. In each equation 
where they are used, W /, the weight 
of fuel fired, and Wt, the weight of 
ash and refuse, are expressed in 
pounds. Weights of air Wta and 
Waa as well as the weight of dry 
flue gases Wdg are in pounds per 
pound of fuel fired. All constitu¬ 
ents such as Cf the carbon; H, the 
hydrogen; 0, the oxygen; and S, 



Fig. 39. Orsat apparatus. 


the sulfur per pound of fuel are expressed decimally as well as Cr the 
carbon per pound of ash and refuse. In the flue-gas analyses carbon 
dioxide, CO 2 ; carbon monoxide, C0\ oxygen, O 2 ; and nitrogen, N 2 , 
are percentages. 


Theoretical weight of air, 

Wta = 11.52C + 34, 




+ 4.325 


(63) 


Actual weight of air. 


Wa. 


r 28i\r2 

'WfCf - WrCr' 

Li2(C'02 + CO) X 0.769J 

1 Wf \ 


(64) 


• Steam, Air, and Gas Power, Fourth edition, by Severns and Degler, John Wiley 
and Sons, Inc., New York, 1948. Chapter V, Steam Fuels and Combustion. 
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Excess air, per cent, 


Ea = 


{Waa - WtanOO 




ta 


Weight of dry gases, 


W, 


dg 




4 CO 2 + Oj + 700 
3(C02 + CO) 




(65) 


( 6 (*>) 


113. Heat Utilization and Losses in Combustion Processes. Anal¬ 
yses of the performances of steam and water boilers and warm-air 
furnaces often include a study of boat utilization and losses in com¬ 
bustion processes involved during their use. The analysis is desig¬ 
nated as a heat balance and accounts for the disposition of the heat 
of a unit amount, pound or cubic foot, of the fuel used. Items 
covered in the following discussion are for a solid fuel; modifications 
of the procedure can be made to cover both gaseous fuels and liquid 
fuels when necessary. The quantity of heat included in each item can 
be expressed as a percentage of the total heat per fuel unit. 

Enthalpy of the fuel moisture /i", Btu per pound, appears as super¬ 
heated steam in the flue gases leaving the boiler or furnace smoke 
outlet at their temperature tg and a pressure of one psia, and h/ is 
the enthalpy of the fuel moisture at the fuel temperature tf. The 
weight of moisture Ma is the (quantity of water vapor in the room air 
supplied for (iombustion at its temperature of ta and M / is the moisture 
in a unit of the fuel used. All other symbols are as defined in Arts. 
109 and 112. All weights are expressed in pounds. The following 
tabulation accounts for the disposition of heat per unit of fuel used. 


1 . Heat absorbed, h\ == weight W of the absorbing medium steam, 

water, or air times its enthalpy change, i.(\, 
W(h — hfi), as in equations 92 and 94 of 
Chap. 7. 


2 . 

Moisture in the fuel. 

II 

1 

(67) 

3. 

Combustion of hydrogen. 

^3 == - h/) 

(68) 

4. 

Moisture in air. 

hi — 0A5Ma(tg — ta) 

(60) 

5. 

Dry chimney gases, 

/l5 - 0.2^W,to(t„ - ta) 

(70) 

6 . 

Incomplete combustion, 

h, = 10,160 

r WfCf - WrCA 



L oOi "1“ CO J 

L w'/ J 




(71) 

7. 

Combustible in the ash and 

14,540IErC, 



refuse, 

- - >, 

(72) 
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8 . Radiation and unaccounted losses, hs - the calorific value Fy Btu per pound 
or cubic foot, of the fuel minus the sum items 1 to 7 inclusive. When incom¬ 
plete combustion of hydrogen and hydrocarbons exists the losses so occasione 
appear in this item unless more complete analyses are made than indicated 
by the procedure of Art 111. If the flue gases contain appreciable quantities 
of gases given in Table 28 the losses of heat due to their presence may be 
computed from their calorific values and included as separate items of the 
heat balance. 

The ratio of item 1, of the heat balance, to the calorific value F of 
the fuel is an indication of the efficiency of heat utilization by a boiler 

or a warm-air furnace. Care 
should always be taken in the oper¬ 
ation of the equipment to make the 
numerical value of item 1 as great 
as is possib-e. Ip the foregoing 
analysis, items 2 to 8 inclusive 
represent amounts of heat which 
are lost. 

Losses of heat due to moisture 
produced by the combustion of 
hydrogen and hydrocarbons to¬ 
gether with heat losses due to 
moisture in the fuel and the com¬ 
bustion air are generally of small 
magnitude. Heat losses due to the 
formation of carbon monoxide, CO, 
unburned hydrocarbons, and car¬ 
bon in the ash and refuse can be 
reduced or minimumized by proper 
300 400 500 600 700 800 design of a furnace, control of the 

Flue-gas temperature, deg F amount of combustion air, manipu- 

iCopyright Industrial Press, 10S4) ^Yie fire, and maintenance 

Fig. 40. Boiler-efficiency chart. - , u i. u u* r 

of clean heat-absorbing surfaces. 

The latter is of especial importance in the matter of heat absorption 

and the reduction of the temperature of the flue gases as they pass 

from the heating surfaces. 

The heat lost in the dry flue gases leaving the smoke outlet is depend¬ 
ent upon their temperature and weight. Figure 40 indicates boiler 
efficiencies possible when coal is used as a fuel to produce products 
of combustion of the temperatures and CO 2 and excess air contents 
as shown. This graph is based on no CO, hydrocarbon, moisture in 
coal and air, unburned carbon in the ash and refuse and radiation 
losses. The effects of excess combustion air are shown by the lowered 
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percentages of CO 2 . Similar graphs may be drawn for the results 
obtainable when either oils or fuel gases are burned. 

114. Draft Requirements. Draft is the difference between the 
pressure of the air outside and that of the gases within a furnace, a 
boiler setting, or a chimney. Such pressure differences 
are variable in amount and are ordinarily of compara¬ 
tively small magnitude. The measurements are usually 
made in terms of the height in inches of a water column 
exerting an equivalent pressure. Gages suitable for draft 
measurements are shown by Figs. 41 and 42. A light oil 
is used as the gage fluid, and the scale divisions are so 
placed that the readings obtained are in int^hes of water 
equivalent. Draft is required to produce the flow of the 
air necessary for combustion through the fuel bed and to 
promote the flow of gases from the furnace through the 
boiler setting and smoke connections into and out of the 
chimney or stack. Anything which offers resistance to F i o . 4 1. 
the flow of air into and through the fuel bed and to the draft 

flow of flue gas from the furnace to the chimney increases 
the amount of draft that must be available. No fixed 
amount can be applied to all installations as each heating plant must 
be considered alone. 

The Code ratings, (^hap. 6, of hand-fired, solid-fuel-burning, 
gravity-flow, warm-air furnaces place a limitation of 0.08 in. of water 
on the draft losses between their ashpits and smoke outlets. Figure 
116 shows that the draft requirements of one particular cast-iron, sec¬ 
tional, heating boiler range from 
0.02 to 0.12 in. of water. As is 
usual with solid-fuel-burning 
furnaces, either hand or stoker 
fired, the necessary draft in- 1 j r, 

creases as the combustion rate 

with a given fuel becomes greater. In either of the cases cited the 
chimney must produce enough additional pressure differential to insure 
the flow of flue gases from the smoke outlet, through the breeching 
connection, into the chimney. 

When a chimney is capable of furnishing a draft greater than that 
actually required, a cross damper placed in the breeching close to the 
operating unit can be utilized to give the necessary adjustment. 
Furnaces equipped to burn gaseous fuels usually operate with a pres¬ 
sure in the combustion chamber from 0.01 to 0.02 in. of water less than 
that of the outside atmosphere. Such furnaces should be fitted with 
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draft diverters or hoods, Fig. 51, to prevent adverse operation due to 
wind action forcing a downward flow of air or gases in the chimney 
and its connections. A draft diverter prevents the pilot flames of 
gas burners from being extinguished. 

The foregoing discussion is pertinent to heating boilers and furnaces; 
it is also applicable to power boilers, where the draft requirements 
may be much greater. For coals used as a fuel the data of Table 29 
may be of some assistance in estimating furnace-draft requirements 
with different rates of combustion. The data do not include other 
draft necessities. 

TABLE 29 

Typical Conditions in Natural-Draft Furnace 


Draft required in furnace for various rates of eortibustion 


Combustion Rate per 
Square Foot of Grate, 

Draft, Iiudie 

IS of atr-i- 

Pounds per Hour 

For Bituminous 

For Anthracite 

5 

0.02 to 0.04 

0.06 to 0.16 

10 

0.05 to 0.10 

0.16 to 0.40 

15 

0.07 to 0.15 

0.30 to 0.75 

20 

0.10 to 0.25 

0.45 to 1.25 

25 

0.12 to 0.32 

0.65 

30 

0.17 to 0.45 

0.90 


116, Natural Draft The pressure difference thus secured is pro¬ 
duced solely by the use of a stack or chimney. The magnitude of the 
force of draft is dependent upon the height of the chimney top above 
the level of the furnace grates, and the average difference between the 
temperature of the flue gases within the chimney and that of the out¬ 
side air. Weather variations, boiler- and furnace-operation condi¬ 
tions, and the chimney height have a marked effect upon the amount 
of draft that may be secured by means of a particular chimney. 

116. Chimneys and Stacks. Either of these structures is used with 
all draft systems for conveying the smoke or flue gases to an elevation 
above that of surrounding objects and buildings. Structures for the 
disposal of flue gases or the production of natural draft, if constructed 
of brick, concrete, or radial brick, are known as chimneys; those built 
of sheet steel or steel plates are designated as stacks. Stacks built of 
the lighter sheet metal require supporting guys; those built of heavier 
steel plates may be made self-supporting. 

117. Chimney Height and Area. The head available for producing 
gas flow and overcoming frictional resistances, pounds per square foot, 
is equal to the chimney height, h ft above the grate level, times the 
difference between the density of the outside air, day and the average 
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density of the flue gases within the chimney, dg. This pressure dif¬ 
ference is h{da — dg). The pressure equivalent of one inch of water 
in pounds per square foot is dw/12 when dw is the weight of one cubic 
foot of water at the draft-gage fluid temperature. The theoretical 
draft, inches of water, is hy, = 12h(da — dg) -5- dy,. The density of 
the outside air and the average density of the flue gases may be com¬ 
puted by means of the gas-law equation PV = MRT. The density 
of either the air or the gas is equal to M when V is one cubic foot. 
The value of R may be taken as 53.35 ft-lb per deg F abs for both air 
and flue gases. When the barometric pressure B, inches of mercury, 
is known, P/R = 144 X 0.491^/53.35 = 1.326^, when da and dg are 
equal to 1.326/J/7a and \.'i2(SB/Tg^ Ta and Tg being the absolute 
temperatures of the air and the flue gases respectively. Hence 


15.91M/1 1\ 

dy, \Ta ^ Tg) 


(73) 


For the required theoretical amount of draft, hyj in. of water, the 
chimney height in feet must be 

h = (hM - 15.91^ ( 7 / - 7 ^) (74) 

tt g/ 


The theoretical amount of draft is seldom produced by a chimney, 
and the actual draft may range from 0.75 to 0.85 of that theoretically 
possible. For most calculations the actual draft may be taken as 0.8 
of that theoretically possible. The theoretical draft he expressed in 
feet head of flue gases is h{da — dg) -h dgj or }.S2QBhTg{l/Ta — ’^/Tg) 
1.326J5, which simplifies to he = h{Tg — Ta)ITa. 

The theoretical velocity of gas flow is v = 2ghc fps. In terms of 
chimney height and temperatures 

i; = 8.02 VhiTy - Ta)/Ta (75) 

Under actual conditions of operation the flue-gas velocities may be 
only 30 to 50 per cent of the theoretical velocities owing to roughness 
of the interior surfaces of the chimney and leakages. The cross- 
sectional area of the chimney, square feet, is 


A = Q^vK (76) 

where Q = volume of the gases handled, cfs. 

V = theoretical velocity of the gases, fps. 

K = coefficient of velocity, 0.3 to 0.5. 
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The chief weakness in the foregoing method of design is in the assump¬ 
tion of the coeflScient of velocity and the ratio of the actual draft to 
that theoretically possible. 

Recommended sizes of chimneys and chimney heights for heating 
plants are given by Table 30 and Fig. 43. 


TABLE 30 


Recommended Minimum Chimney Sizfis for IIeatino Boilers and Furnaces* 


Warm-air 

Steam 

Hot 

Nominal 

Rectangular Flue 

Round P’lue 


Fiirnaco 

Boiler 

Water 

Diinen- 

- 

-- 



Height 

Capacity 

Capacity, 

Heater 

sions 





in 

in Square 

Sq Ft 

Capacity, 

Fire Clay 

Actual Inside 


Inside 


Feet 

Inches of 

of 

S<i Ft of 

Lining, 

Dimensions 


Diameter 


above 

Leader 

Radiation 

Radiation 

In. 

of Fire Clay 


of Liu- 

Sq In. 

Grate 

Pil)e 




Lining, In. 


im-, In. 



790 

.590 

97.3 

82 X 13 

7 X 11 i 

81 



35 

1000 

600 

1,140 




10 

79 



900 

1,490 

13 X 13 

Hi X Hi 

127 





900 

1,490 

85 X 18 

X 16i 

110 





1,100 

1,820 




12 

113 

40 


1,700 

2,800 

1.3 X 18 

llj X 16i 

183 





1,940 

3,2(K) 




15 

177 



2,130 

3.520 

18 X 18 

15j X 15^ 

248 





2,480 

4,090 

20 X 20 

17i X 171 

298 



4.5 


3,150 

5,200 




18 

2.54 

50 


4,300 

7,100 




20 

314 



4,600 

7,.590 

20 X 24 

17 X 21 

357 





5,000 

8,2.50 

24 X 24 

21 X 21 

441 



55 


5,570 

9,190 


24 X 24t 

576 



60 


5,.580 

9,200 




22 

380 



6,980 

11,500 




24 

452 

65 


7,270 

12.000 


24 X 28t 

672 





8,700 

14,400 


28 X 28t 

784 





9,380 

15,.500 

... 



27 

573 



10,1,50 

16,750 

1 * ' ' 

30 X 30t 

900 





10,470 

17.250 

1 

28 X 32t 

896 





♦ CJopyrinht, Americ-an Society of Heating and VentilatinR EnRineera. From ASHVE Code 
of Minimum Ilotiuiremcnta for the Heating and Ventilation of Buildinga, Edition of 1929 . 
t Diinensiona are for unlined rectangular fluea. 


Data relative to the commercial sizes of molded refractory flue linings 
are stated in Table 31. 

When the chimney must have larger inside dimensions than are 
obtainable with commercial flue linings, fire bricks are used in the 
interior surfaces for some distance above the smoke connection to the 
chimney. 

118. Important Items in Chimney Construction. Among other 
things the action of a chimney has a very distinct bearing on the 
capacity that a heating boiler or burner will develop. A plant other- 
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wise properly designed will fail to give satisfaction if the chimney can¬ 
not produce the draft necessaiy to burn the required amount of fuel 
and carry away the gaseous products of combustion. 

A chimney must not only be of adequate cross-sectional area and 
height but it must also be tight. Air leakage into the chimney will 
reduce the draft. There must be only a single smoke connection to 



{Copyright The Jnduafrial Preee) 


Fig. 43. Chart for sizing natural draft chirnnoys. 

the chimney, and boilers having smoke pipes attached to a common 
breeching must have dampers provided at their smoke outlets. The 
chimney should be straight, without offsets to catch soot and ash 
collections, and should extend at least 2 ft above the roof ridge or 
3 ft above flat roofs. Account must be taken of the effect of adjacent 
higher portions of the building and nearby buildings and trees. When 
necessary the chimney height should be increased to offset the effect 
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TABLE 31 

Fire Clay Flue Linings* 


Actual Effective 


Actual Outside 

Actual Inside 

Inside Area, 

Inside Area, 

Weight, 

Size, Inches 

Size, Inches 
Rectangular 

Sq In. 

Sq In. 

Lb per Ft 

8^ X 

7i X 7i 

52.6 

41.0 

18.5 

8i X 13 

7 X Hi 

80.5 

70.0 

28.0 

13 X 13 

Hi X Ilf 

126.5 

99.0 

35.5 

13 X 18 

Ilf X 16f 

182.8 

156.0 

52.0 

18 X 18 

ISf X 15f 
Round 

248.0 

195.0 

69.0 

7i 

0 

28.3 

28.3 

12.0 

!)J 

8 

50.2 

50.2 

19.5 

Ilf 

10 

78.5 

78.5 

27.7 

14 

12 

113.0 

11.1.0 

39.3 

17i 

15 

176.7 

176.7 

54.3 

20i 

18 

254.4 

254.4 

71.0 

22f 

20 

314.1 

314.1 

87.5 

27i 

24 

452.3 

4.52.3 

129.0 

34f 

30 

706.8 

706.8 

261.0 

41 

36 

1,017.1) 

1,017.9 

360.0 

* Eastern Clay Products Association. 




of downward-moving air currents produced by nearby objects and 
obstructions. Whenever possible the top of a chimney should be at 
least 35 ft above the grate level as chimneys of lower height are likely 
to be erratic in their action. Chimneys built in the interior of the 
structure are more effective than those exposed to the cold outside air. 
C'ircular cross-sectional areas are the most desirable, square ones 
being second in desirability. The effective area of a square chimney 
may be taken as the area of a circle which may be inscribed within its 
internal cross section. Rectangular chimneys offer greater frictional 
resistance to gas flow and allow greater losses of heat from the flue 
gases than those of other shapes. The ratio of the inside dimensions 
of rectangular chimneys should not exceed 2 to 1. Either fire brick 
or fire clay molded linings arc desirable, and chimneys should be so 
constructed that in no way can they produce fire hazards. 

119. Automatic Fuel-Burning Equipment. The objectives to be 
obtained by the use of automatic fuel-burning equipment are: (1) to 
utilize the fuel available with the maximum efficiency of combustion 
through the uniformity of fuel feed and the control of the combustion 
air, (2) to make use of fuels which require special equipment, (3) to 
reduce the manual labor and attention given to firing operations, (4) 
to maintain uniform temperature conditions in the spaces to be heated, 
and (5) to secure cleanliness of operation. 
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Included in the group of appliances are: mechanical stokers for the 
combustion of coals and cokes, oil burners, and gas burners. These 
units serve heating boilers and warm-air furnaces designed especially 
for their use; heating units, built for hand firing, which have been 
adapted to their use by the installation of either stokers or conversion 
oil and gas burners; and those heating boilers and warm-air furnaces 
designed especially for the use of either oil or gas as a fuel and in 
which the burners are made an integral part of them at the time of 
their construction. 

120. Automatic Stokers. Large central heating plants may gen¬ 
erate steam, dependent upon the coal available, with the aid of stokers 
of the types and sizes suitable for commercial power plants. Domestic 



Fig. 44. Underfeed stoker with heating boiler. 

heating plants employ stokers of either the overfeed or the underfeed 
types, with the majority of the installations being of the latter 
classification. 

(3verfeed stokers include spreader forms with flat and inclined 
grates; traveling grates with fuel feed from a hopper at the front of 
the grate; and inclined rocking grates with the fuel coming to them from 
a hopper at the upper edge of the grate. The burning characteristics 
of the coal used have a bearing in their selection as a coal with a low- 
temperature-fusing ash cannot be employed. Furthermore such 
stokers are not adaptable to small-size installations. 

Single-retort underfeed stokers can be constructed for small-size 
heating units, and when they are used fusible ash can be readily 
removed from a furnace in the form of a clinker. These stokers have 
a limited use with free-burning coals which do not have an ash which 
melts readily. Under such conditions the mechanism may include 
provision for the automatic removal of the fine ash and refuse material. 
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A typical single-retort underfeed stoker is illustrated by Fig. 44. 
The unit has a worm screw to convey coal from the hopper to the 
retort where ignition of the fuel occurs. The screw feed through the 
coal tube is commonly used, but some units of this type employ a ram 
cither mechanically or hydraulically driven. Stokers are also arranged 
so that the coal bin serves as a fuel hopper and the stoker automatically 
conveys the coal from that location to its retort. Underfeed stokers 
invariably have a blower which supplies air under pressure to the 
tuyc^res (air openings) located about the top of the retort which is 
placed in the furnace. Small stokers have circular basket-shaped 
retorts; those of larger size use a U or trough-shaped construction of 
this part. Coal forced upward through the retort burns after it 
passes the level of the air tuyeres. Heat from the combustion process 
(iauses volatile materials from the fuel to be r< lea'^cd by distillation in 
the lower part of the fuel bed. These gases are l>unied as they pass 
into a region of high temperature, and whcm the stoker is properly 
handled combustion is complete, and the formation of smoke is 
prevented. 

The United States Department of ('ommerce together with the 
Stoker Manufacturers Association (SIMA) have classified stokers 
according to their coal-feeding rates in pounds per hour. These 
classes and capacities are: I, under 61; II, 61 to 100; III, 101 to 300; 
IV, 300 to 1200; and V, 1200 and over. 

121. Stoker Furnaces. The amount of furnace volume allowed for 
the process is of prime importance in any combustion operation. 
This is especially true in connection with stokers which may function 
with high fuel-burning rates. The Stoker Manufacturers Association 
recommends the following empirical equations for the setting height 
of a steel-boiler crown sheet above the dead plates at the top of the 
retort level when the amount of coal to be burned per hour is known. 
For coal burning rates up to 100 lb per hr 

D = 0.1125B + 15.75 (77) 

and for rates from 100 to 1200 lb per hr 

D = 0.03B + 24 (78) 

where D = minimum setting height, in. 

B = coal-burning rate, lb per hr. 

When cast-iron sectional boilers are used the height may be ^ of D. 
The SMA also has recommendations for firebox dimensions for the 
different classes of stokers. ^ 

* Technical Manual, Stoker Manufacturers Association. 
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122. Stoker-Size Selection. Fuel-burning capacity is desired when 
a stoker is to be selected for a given installation, as it is desirable that 
conditions be maintained so that the fuel burns as fast as it is fed into 
the furnace. In order to find the required pounds of coal that must 
be burned per hour the following items must be known: total load, 
Btu per hour; calorific value of coal, Btu per pound; and the eflBciency 
of the heat of the fuel utilization by the boiler or warm-air furnace. 
The total load for steam and water boilers is assumed to be 1.33 times 
all of the heat in Btu per hour required for any and every purpose. 
This assumption provides for an additional 33 per cent pickup allow¬ 
ance, and when the conditions are unusual the factor should be more 
than 1.33. An expression for the amount of lUel required per hour is 


Wf = 


H 


F X E 


(79) 


where W/ = coal required per hour, lb. 

H = total load, Btu per hr. 

F = heating value of fuel, Btu per lb. 

E = overall efficiency of unit. 

123. The Control of Stokers. All automatic fuel-burning equip¬ 
ment recpiires, for its successful operation and the safety of equipment, 
the installation and satisfactory functioning of various (controls and 
protective devices. Stokers for small heating units, such as those 
installed in residences, function with part or all of the following: (1) 
a room thermostat which starts and stops the stoker as needed, (2) 
a pressure-limit device for steam boilers, (3) water-temperature limit¬ 
ing equipment placed in the outlet of a hot-water boiler, (4) an air- 
temperature control placed in the bonnet of a warm-air furnace, (5) 
a low-water cutoff in the case of steam boilers, and (G) a hold-lire 
control to operate the stoker and to keep the lire alive when the 
weather is so mild that there is no demand for heat made by the 
controlling thermostat. 

124. Oil Burners. The devices termed oil burners function to 
supply oil to, and to prepare it in some manner for combustion in, a 
furnace. Fuel oil cannot be burned as a liquid but must be gasified 
and mixed with the proper amount of air. The mixture requires 
ignition and a temperature high enough to insure complete burning 
of the oil vapor. 

Fuel oils may be gasified by vaporization upon hot surfaces, or 
they may be atomized prior to vaporization. Atomization consists of 
breaking an oil up into very small globules, which greatly increases its 
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exposed surface areas. Heat derived from either hot brickwork or 
burning oil in the furnace, acting upon the large amount of oil surface 
areas, produces the desired gasification. The oil vapor when mixed 
with sufficient air and held at the proper temperature undergoes com¬ 
bustion reactions to produce carbon dioxide. (X) 2 , and water vapor 
when completely burned. Care must be taken to provide a combustion 
space of sufficient volume in which the necessary temperatures for 
complete combustion may be maintained. The excess air supplied 
should be limited to a reasonable amount. Although 15 per cent of 
CX )2 is possible in the flue gases, when oil is used as a fuel, more satis¬ 
factory results are obtained if the amount of excess air supplied is 
such that the flue-gas analysis indicates from 10 to 12 per cent of 
C/O 2 . This adjustment can be gaged somewhat but not altogether 
by the flame color, which should be a bright orange. 

Domestic oil-burner classifications may be made a(‘f5ording to the air 
supply, the method of oil gasifi(nation, the type of flame produced, the 
scheme of fuel ignition as the burner starts functioning, and the man¬ 
ner of operation. Combustion air may be obtained by the action of 
natural chimney draft, by the operation of a fan or blower, or by a 
combination of the two, so that the primary air is supplied by the fan 
and the sec^ondary air by the action of the chimney draft. Fuel oils 
may be atomized by centrifugal action obtained from a rotating disc 
or cup, by forcing the oil under pressure through a small orifice, by 
the use of either high-velocity steam or air jets in a special nozzle, or 
by forcing under pressure oil entrained with air through a nozzle. 
The burning oil may produce either a luminous or a non-luminous 
flame. 

Ignition can be secured from a continuous high-voltage spark or a 
spark which functions as the burner starts operation. Gas pilot 
lights of various sorts and combinations of electric sparks and gas 
pilots are also used for the initial ignition as the burner starts operation. 
Burners may operate as follows: on and off, high or low flame, and 
a graduated flame according to the load to be handled. (General 
classifications of oil burners are vaporizing or pot, rotary, and pressure- 
atomizing or gun types. 

One form of vaporizing or pot-type burner is shown by Fig. 45. 
This unit operates with gravity feed of the oil and with natural draft 
furnished by a chimney capable of producing a force of O.OG to 0.08 
in. of water. As indicated in Fig. 45 oil flows over the bottom of the 
burner and is ignited electrically. The heated and vaporized oil is 
mixed with primary air which enters the burner through ports located 
above the oil heating and vaporizing level. Secondary air to complete 
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the process of combustion, is admitted through an opening between the 
upper and the lower burner ring. Combustion of the oil vapors 
which are mixed with the proper amount of air is completed in the 
furnace above the hearth level. 

The rotary burner of Fig. 4G is included as an integral part of a 
winter air-conditioning furnace. Enlarged details of the burner parts 
are shown by Fig. 47 in which assembly yl is a rotating unit which is 
comprised of oil-distributing tubes and a fan. The rotating element 



(//. C. Little Burner Co., Znc.) 

Fig. 45. Vaporizing or pot oil burner. 


is located in the center of the combustion chamber with the operating 
mechanism sealed off from the furnace heat by a hearth made of 
refractory cement materials. By the action of the rotating portion 
of the burner of Fig. 47 droplets of oil are thrown outward toward the 
steel flame rim, placed around the edge of the hearth, and embedded 
within it. Ignition of the oil is by means of an electric arc which is 
shut off as soon as the flame rim becomes hot enough to maintain 
combustion. Oil vapors from the hot flame rim rise and are mixed 
with air supplied by the fan. Placed above the flame rim are grills 
which become hot and which are a further aid in mixing air and oil 
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vapors and in maintaining the process of combustion. The flame 

rims with the attendant 
grills can either be circular 
or rectangular in shape to 
fit the furnace served. 

Figure 48 shows a gun- 
type oil burner suitable for 
conversion and other in¬ 
stallations. In this partic¬ 
ular unit, oil is atomized 
by passing it through a 
nozzle, and the combustion 
air is furnished by the ac¬ 
tio i o: p. blower. Initial 
ignition of the oil is accom¬ 
plished by the action of a 
spark across the terminals 
of the electrodes. Gun- 
type burners separate into 
two further classifications, 
which are low-pressure and 
high-pressure units. The 
low-pressure units operate 
with the oil being atomized 
when its pressure ranges 
from 2 to 7 psi; high-pres¬ 
sure units have the oil atomized at a pressure of approximately 100 psi. 

Automatic controls are important parts of any installation of oil 
burners. These devices which are discussed in Chap. 20 should 



(Timken Silent Automatic Division, Timken-Detroit Axle 

Co.) 

Fig. 46. M('(4ianical warm-air furnace with 
rotary wall-flame oil burner. 



(Timken Silent Automatic Division, Timken-Detroit Axle Co.) 


Fig. 47. Rotary wall-flame oil burner. 












Fig. 48. Domostic giin-type oil burner. 


{The Heil Co.) 


The ratings of oil humors are based on the gallons of oil which they 
will burn per hour when installed as conversion units. For integral 
installations in boilers and warm-air 

furnaces the ratings of the combined ^ ^ 

units are usually given in Btu per ^ 

hour. ) 

126. Gas Burners and Gas-Fired r" nn q 

Heating Units. A gas burner func- ^ 

tions to convey a mixture of air and ^ /— v 

gas to the combustion chamber of a ^ 

furnace where ignition and burning (v 

occurs. Gas burners operate with - 

cither atmospheric or power injection jj 

of c-ombustion air. One form of gas I 'X 

burner is shown by Fig. 49, which is 

a conversion unit installed in a heat- 1 \ 

ing boiler. More details of a con- I 1 1 ) 

version burner suitable for heating 1 1^-— 

boilers and warm-air furnaces are 

given by Fig. 50, which illustrates a „ ^ (fl»r6.r Oa, Burner c.) 

, . , , n . • 1 1 - ^ Fig. 49. Conversion gas burner, 

unit which has a flat circular disc to 

direct the flames toward the furnace walls. The combined burner- 
boiler unit of Fig. 51 includes a draft divertor or hood which should 
be part of every gas burner installation. The divertor includes an 
inverted cone about which the flue gases pass on their way to the 


{Barber Oas Burner Co.) 

Fig. 49. Conversion gas burner. 
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chimney. An annular opening in the divertor hood allows air from 
the furnace room to be drawn into the flue connection. The objec¬ 
tives of the draft divertor are to prevent a chimney from producing 
excessive draft conditions in the furnace and also to prevent down¬ 
ward flow of air in the chimney from extinguishing either a pilot 
flame used to ignite the gas flowing from the burner or the main 
burner flame. 

Some conversion burners have refractory baffles to direct radiant 
heat toward the furnace walls, and they operate with non-luminous 
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Fio. 50. 


Side elevation 

(.Bryant Heater Co.) 

Spreader-flame conversion gas burner. 


flames. Others operate without refractory baffles but have spreader 
plates or cones and produce luminous flames. In either case an 
attempt is made to produce the greatest amount of heat transfer to 
the heating medium through the surfaces surrounding the furnace as 
the transfer of heat is low in the flue passages of a gas-fired unit. 

Gas burners are rated in terms of the hourly input of heat units to 
the furnace for the particular kind of gas burned. 

The controls needed for gas-burner operation include room thermo¬ 
stat, gas-pressure regulator, thermostatic pilot valve in the gas supply 
line, pressure and temperature limit control, and other safety devices 




PROBLEMS 


161 


deemed necessary for stoker- and oil-fired boilers. Each gas burner 
should be fitted with automatic shutters which function to prevent the 
circulation of air through the heating unit to its chimney when the 
burner is not in operation. 



^American Radiator and Standard Sanitary Corp.) 


Fig. 51. Gas-fired steam-heating boiler. 


PROBLEMS 

1. A fuel oil has a specific gravity of 0.88 at 60 F and a calorific value of 142,000 
Btu per gal. Find the API gravity and the heating value of the oil in Btu per 
pound. 

2. A fuel oil has an API gravity of 21 deg at 60 F and a calorific value of 19,500 
Btu per lb. Find the specific gravity of the oil and its heating value per gallon. 

3. Calculate the higher heating value of a coke-oven gas which has the follow¬ 
ing analysis in percentages by volume: hydrogen, 55; methane, 32; ethylene, 3.0; 
carbon monoxide, 5.5; carbon dioxide, 1.5; oxygen, 0.5; and nitrogen,, 2.5. 









152 


FUELS AND AUTOMATIC-BURNING EQUIPMENT 


4 . Calculate the heating value of one pound of McDowell County, West 
Virginia, semi-bituminous coal both on the basis of coal as received and as dry coal. 

6 . Calculate the heating value of one pound of Franklin County, Illinois, 
bituminous coal both on the basis of coal as received and as moisture- and ash-free 
coal. 

6 . Find the percentage of excess air used when a Green County, Indiana, 
coal is completely burned to give the following flue-gas analysis expressed as 
percentages: carbon dioxide, CO 2 , 10.5; oxygen, O 2 , 7.6; carbon monoxide, CO, 0; 
and nitrogen, N 2 , 81.9. 

7. How many pounds of dry flue gas are formed jjer pound of coal as fired in 
problem 6 if from each 1000 lb of fuel fired to a furnace 135 lb of ash and refuse are 
withdrawn with 15 per cent of carbon content? 

8 . The following data resulted frt>m an evaporative test for a heating boiler. 
Water supplied at 180 F was evaporated into steam at 16 psia and 0.99 quality 
at the rate of 8 lb per lb of Crawford County, Kansas, coal as fired. The following 
temperatures represent average conditions: flue gases P iv^ing the boiler, 500 F; 
room air, 80 F; and fuel, 80 F. The average flue-gas analysis was CO 2 , 12; O 2 , 
6; CO, 0.5; and N 2 , 81.5 per cent. The carbon in the ash aiid refuse amounted to 
0.02 lb per lb of fuel fired and the moisture in the combustion air was O.Ol lb per 
lb of dry air. Calcvilate and tabulate a heat balance based on the coal as fired. 

9 . A chimney 75 ft high operated with flue gases at an average temperature 
of 450 F when the outside-air temperature was —5 F. Find the theoretical draft 
in inches of water and the probable velocity of gas flow in the (^hinney if the coeffi¬ 
cient of velocity is 0.45. 

10. A chimney 125 ft high receives flue gases at a temperature of 700 F. The 
average gas temperature in the chimney is 500 F when the outside-air temperature 
is 0 F. The coefficient of velocity may be taken as 0.35. Find the inside diameter 
of the chimney if it is to serve furnaces delivering 25,000 11) of dry flue gases per 
hr when the barometric pressure is 29.0 in. of mercury. 
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HEATING WITH WARM-AIR FURNACES 

126. Applications and Classifications. Furnace systems are suit¬ 
able for buildings of relatively small size. Tncluded in this category 
are residences, schools, stores, and churches having dimensions which 
will permit the circulation of air to and froiu a fuel-burning heater. 
The circulation can be produced either by gravity flow or mechanically. 
In any event the temperature of the warmed air delivered to the spaces 
to be heated should not exceed 175 F with gravity-flow and 150 F 
when the air is circulated by mechanical means. 

127. Advantages of Warm-Air Furnace Heating. Warm-air fur¬ 
naces are generally lower in first cost than steam and hot-water plants. 
They possess flexibility of operation as they begin to function quickly 
after a fire is started. The operating costs compare favorably with 
those of other systems. The temperature of the air entering rooms is 
adjustable to weather conditions, and recirculation of the air through 
the furnace is an aid in securing uniformity of air temperature. 
Humidification of air is more easily accomplished than in systems using 
radiators and convectors. Warm-air furnace systems take little 
occupied space above the basement, and there is no danger of damage 
to them due to freezing if left without a fire in winter. 

128. Comparison of Gravity-Flow and Forced Circulation. Gravity 
systems are noiseless as far as the air circulation is concerned, and both 
the initial cost and the cost of maintenance are less with this type of 
warm-air system. However, gravity-flow systems have certain 
limitations which are not present when the air circulation is produced 
by means of a fan. Structures more than 40 ft square and above three 
stories in height are not suitable for gravity-flow heating. The 
furnace occupies considerable space in the basement and requires a 
central location because the leader pipes should be limited to lengths 
of 10 to 12 ft. Adequate spaces for stacks in the interior partitions 
may be more difficult to locate or not obtainable. Leaders may not 
run through unheated spaces unless exceptionally well insulated. The 
most effective air filters cannot be used for cleaning because their 
resistance to circulation is too much to be overcome by the small 
gravity head. Gravity systems require larger ducts for conveying 
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the air to and from the furnace which interfere with the use of the 
basement for recreation or other purposes. Because of the lower 
velocity of the air circulation in gravity systems, heat transfer from 
the furnace to the moving air is not as good, and a greater portion of 
the heat absorbed from the furnace is lost between it and the warm-air 
registers. Forced-circulation systems which are equipped with devices 
for adding water vapor to the circulating air are often referred to as 
winter air conditioners. 



Fig. 52. Gravity-flow warm-air furnace system. 


129. Installation and Action of Gravity-Flow Piped Furnaces. 

Examination of Figs. 52 and 53 indicates that the air to be warmed 
enters the casing at the bottom through the distributing shoe or boot 
which is joined to the recirculating duct leading from the heated 
space. The shoe should not extend above the level of the grate and 
must be wide enough so that its cross-sectional area is not less than 
that of the recirculating duct which serves it. Best operating results 
are to be obtained when the furnace can be served by a minimum 
number of short direct recirculating ducts designed to reduce the 
air-friction losses to a minimum. 

The air entering the furnace casing is distributed from the shoe 
around the ashpit section and rises to pass over the heating surfaces of 
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the furnace where it is warmed. The casing lining together with 
the air space between it and the casing reduces the losses of heat 
from the casing. The warmed air rises to the bonnet which serves 
as a plenum chamber from which the air is conveyed by the leader 
pipes toward the spaces to be heated. All leader-pipe collars should 
be attached to the bonnet with the tops of the openings at the same 
level, thereby preventing one leader from being unduly favored at 
the expense of the operation of other leaders. With the best arrange¬ 
ments, the leaders are taken 
radially from the bonnet, and 
an amount of space in the bon¬ 
net periphery proportional to 
the carrying capacity of each 
leader is allotted to it. The 
leaders pitch upward in the 
direction of air flow with a 
minimum uniform grade of one 
inch per foot. Leaders serving 
first-floor rooms are attached 
to either register boxes placed 
in the floor or boots and regis¬ 
ter boxes for baseboard units. 

For second- and third-floor 
rooms, stacks in the inside wall 
construction are necessary for 
the conveyance of the air to 
the upper floors. Each stack 
is usually rectangular in shape and requires a transition piece known 
as a boot at the point where the circular leader is joined to it. As 
shown in Fig. 52, the stack is fitted with a head suitable for either a 
baseboard or a wall-type register outlet. The best results are obtained 
if a stack has only a single register outlet. 

130. Warm-Air Furnace Construction. Heating units, intended for 
the burning of solid fuels, are made of cast-iron sections having 
tongue and grooved joints, which are filled with heat-resisting cement, 
or they are made of steel plates which are either riveted or welded 
together. 

Figure 53 illustrates a cast-iron sectional furnace having a ring 
radiator. The sectional elevation also includes a view of the gal¬ 
vanized sheet-steel casing, its lining, and the bonnet at the upper part 
of the casing. The names of the component parts are as indicated by 
Fig. 53. 
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Fig. 53. Sectional cast-iron warrn-air 
furnace. 
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One form of steel furnace is shown by Fig. 54. This unit has welded 
seams and, owing to the action of heat from the incandescent fuel, 
requires a refractory lining inside the firepot. The casing and bonnet 
arrangements are the same as those employed with cast-iron furnaces. 
Either of the two furnaces illustrated is suitable for use in both gravity- 
flow and forced-circulation systems. 

In either furnace, the heating surfaces may be classified as direct and 
indirect. Direct surfaces arc in contact with the fire or receive heat 
by radiation from the fire and are much more effective than the 
indirect surfaces which receive heat only from the hot gases. Some 

furnaces have projecting fins, etc., 
attached to portions of the unit, 
which serve as extended surfaces. 
The portions of such extensions 
farther than d in. away from the 
acdiUal heating surface are not 
elTective. 

Pleat is transferred by convec¬ 
tion to air moving over the heat¬ 
ing surfaces. The rapidity of this 
transfer of heat is dependent upon 
the velocity of flow over the sur¬ 
face and the difference between 
the temperature of the air and 
that of the surface over which it 
flows. Radiant heat thrown out 
Fig, 54. Steel warm-air furnace. from the hot furnace surfaces is 

intercepted by the furnace casing 
lining which also becomes a convection heating surface. The rate of 
heat transfer per square foot of heating surface of furnaces, with 
gravity flow, averages somewhere between 2000 and 4500 Btu per 
hr with moderate combustion rates. 

131. Performance of Gravity-Flow Warm-Air Furnaces. The 
curves of Fig. 55, taken from Bulletin 141 of the University of Illinois 
Engineering Experiment Station, indicate the performance of a hand- 
fired solid-fuel-burning piped furnace of a representative type. The 
construction of the furnace somewhat affects its performance under 
given conditions, but these figures, in general, are representative of 
gravity-flow warm-air furnace operation. 

The efficiencies given are the ratio of the heat delivered at the bonnet 
to the heat supplied in the fuel. All heating plants, having boilers and 
furnaces located within the structure, operate so that the plant and 
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the building function as a unit, and the overall efficiency for the two 
is greater than that based on the ratio of the boiler or heater output, 
at either the nozzles or bonnet, to the heat in the fuel used. The 
actual heat supplied to a structure is the total heat of the fuel con¬ 
sumed minus the sum of the heat lost in unburned fuel in the ash and 
refuse and the heat lost to the outside air by the chimney gases as they 
pass through the chimney and escape to the outside air. In a building 



Fig. 55. Performance comparison for a cast-iron circular-radiator furnace, casing 

diameter 52 in. 

having a chimney passing through its interior the heat of the fuel 
not put into the structure is the calorific value of the unburned fuel 
in the ashes and the heat in the flue gases in the chimney at the roof 
line. It is true that part of the heat thus accounted for is not placed 
directly in the spaces to be heated, but nevertheless it aids in warming 
the structure. When the heat of the fuel is thus accounted for, the 
overall efficiencies of operation for heating system and building range 
as high as 75 per cent with bituminous coal and 90 per cent with 
anthracite. 
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In applying the curves of Fig. 55 the student should understand that 
the register temperature chosen fixes the draft required, the combustion 
rate, the furnace efficiency, and the capacity of a given furnace. The 
capacity curves shown by the graphs are true only for the particular 
furnaces for whic.h they were drawn, as the capacity is also dependent 
upon the grate area. The drafts, register temperatures, efficiencies. 



Combustion rate In lb of coal 
per sq ft of grate per hr 


Fio. 56. Comparisons of operating results with gravity- and forced-circulation 
warm-air heating systems. 

and combustion rates shown are appli(*able to small furnaces of dif¬ 
ferent amounts of grate area. 

132. Performance of Forced-Circulation Warm-Air Furnaces. 

When the air is circulated through a warm-air furnace system by 
mechanical means, the temperature of the air delivered from the 
bonnet is determined by the capacity of the fan in proportion to the 
heat input to the furnace. Because of the greater volume of air 
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circulated through the system when a fan is used, the temperature 
rise of the air is decreased, the register air temperature is decreased, 
and the efficiency of the furnace is increased. The curves shown in 
Fig. 56, from BullcMn 266 of the University of Illinois Engineering 
Experiment Station, were all plotted from data taken with the same 
furnace and give a direct comparison of the results obtained by forc.ed 
circulation of the air and when the circulation was by gravity action. 
Because of the smaller ducts and the greater velocity used in a mechan¬ 
ical system the heat lost between the furnace and the registers is 
reduced, resulting in a greater portion of the heat being delivered to 
the spaces served. 

133. Air Humidification with Warm-Air Furnaces. The water pan 
when placed in the casing, as shown by Fig. 53, is generally quite 
ineffective in evaporating the required amount of moisture for air 
humidification. Better results are obtainable with humidifiers located 
either in the bonnet of a furnace of the type shown by Fig. 53 or in 
the upper part of the casing of units similar to the one illustrated by 
Fig. 58. These placements arc where the air temperatures are higher 
and where the air has a greater capacity for absorbing moisture. 

The amount of moisture required per 24 hr in a structure is depend¬ 
ent on the desired relative humidity of the inside air, the amount of 
air leaking into and out of the building, and the temperature and 
relative humidity of the outside air. The moisture necessary for 
humidification can be calculated by the method of the following 
problem. 

Example. A residence having 12,000 cn ft of occ\ipied space is to be maintained 
at 71.5 dbt and 35 per cent relative? humidity to secure comfort conditions as indi¬ 
cated by the comfort chart, Fig. 18. The house has one air change per hour when 
the outside-air temx^erature is 0 F, and it has a relative humidity of 100 per cent. 
Find the gallons of water required per 24 hr for humidification. 

Solution. The weight of dry air leaking into and out of the house per hour at 
71.5 F and atmospheric pressure is 12,000 X 0.07471 = 890.5 lb. Air at 71.5 F and 
35 per cent rh (relative humidity). Fig. 5, contains 41 grains of moisture per pound 
of dry air. At 0 F and 100 per cent relative humidity the moisture of one pound of 
dry air is 5.5 grains. The moisture to be added per 24 hr is 

[24 X 896.5(41 - 5.5)] 7000 = 109.1 lb 

With water supplied at a density of 62.3 lb per cu ft the number of gallons is 
(109.1 X 1728) (231 X 62.3) = 13.1. 

134. Furnace Sizes and Ratings. The size of a furnace, designed 
to burn solid fuels, is usually designated by the maximum diameter 
of the firepot taken at a location just below the feedneck section. 
Thus a 28-in. furnace has a maximum firepot diameter of that dimen- 
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sion at the specified point. The nominal diameter of the grate is that 
of the bottom of the firepot at a point just above the asphit section. 
The nominal grate diameter is usually less than the listed furnace size 
because of the taper of some cast-iron firepots and the refractory linings 
of steel furnaces. 

Capacities of furnaces are commonly expressed in terms of Btu per 
hour delivered either at the furnace bonnet or at the warm-air registers. 
Extensive research in the field of warm-air heating, covering a period 
of many years, at the University of Illinois has resulted in the formula¬ 
tion of several codes by the National Warm Air Heating and Air 
Conditioning Association. 

Gravity Ratings by Code. A code for the rating of furnaces used in 
gravity systems, adopted and recommended in December 1944, should 
supersede all prior ones. This lasv code, altlujujai based on fa(4,ual 
data, is somewhat empirical and embodies certain deliiiitions and 
limitations. 

For gravity-flow warm-air furnaces with different methods of firing, 
capacity ratings by code arc as given by Table 32. 

TAULK 32 

(■APAciTY Uatinc.s OF Gravtty-Flow Warm-Aiu Furnaces by C’oi>e 
Ratio of Heat¬ 
ing Surfa(;e to Register Delivery, Bonnet Delivery, 
Furnace Grate Area Btu per Hr Btu per llr 

Hand-fired con¬ 
verted to 

stoker, oil or 

gas, firing 1785 XS 1.33 X 1785 X S 

Hand-fired Greater than 15 

to 1 and less 

than 25 i,o I 1785 X S 1.33 X 1785 X S 

Hand-fired Greater than 25 

to 1 1785 X 26 XG 1.33 X 1785 X 25 X G 

The definitions are: (1) (7 is actual grate area, sq ft; (2) S equals 

actual heating surface, sq ft; (3) the register delivery is 75 per cent of 

the heat supplied to leaders at the bonnet; and (4) the bonnet capacity 
is 1.33 times the register delivery in Btu per hour. 

For coal-burning furnaces, used in gravity-flow systems, the code 
limitations provide that the following shall not be in excess of: (1) 
register temperature, 175 F; (3) combustion rate, 8 lb per hr per sq ft 
of grate area; (3) flue-gas temperature, 800 F; (4) metal-surface tem¬ 
perature, at any point, 1000 F; and (5) draft loss from ashpit to smoke 
collar, 0.08 in. water gage (WG). 
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Actual heating surface S is measured above the grate level of a 
furnace and is the area with which circulated air actually comes in 
contact. This surface does not include that of liners, casings, radia¬ 
tion shields, etc. Extended surfaces such as fins, ribs, webs, and pro¬ 
jections over which air to be warmed flows are taken as heating sur¬ 
faces subject to limitations and restrictions. Their effectiveness 
decreases with the distance of their surfaces from the point of attach¬ 
ment to the furnace proper. 

The actual grate area is smaller than the nominal grate area based 
on the firepot diameter at a location just above the ashpit. The 
actual grate area G excludes from the nominal grate area the area 
of an internal ledge of a firepot which falls within a circle one inch 
smaller in diameter than the firepot diameter inside its linings at the 
grate level. Also the areas of internal projections falling within a 
circle 3 in. smaller in diameter than that of the firepot at the grate 
level are deducted from the nominal grate area in computing the 
actual grate area. For inclined and conical grates the projected area 
of the grate is used in finding the actual area. 

Rating formulas, for gravity systems, are based on a bonnet effi¬ 
ciency of 55 per cent for coal furnaces and 75 per cent for gas-fired 
units. Ratings on the basis of leader cross-sectional area, now used 
less frequently than formerly, allow 136 Btu per hr per sq in. as the 
average carrying capacity of a duct when the ecpiivalent register 
temperature at the registers is 175 F with one-half the leaders serving 
first-floor rooms and the remainder of them supplying air to second- 
floor spaces. Equivalent register temperature is 65 F plus the actual 
register temperature minus the temperature of the air as it enters the 
furnace casing. 

Warm-air furnaces designed for the use of either oil or gas alone do 
not include grates and are often (piite different in their construction 
than those built for the use of coal alone. The differences in design 
lead to more efficient transfer of heat from the products of combustion 
to the circulating air in furnaces built for the exclusive use of either 
oil or gas, and also less consideration has to be given to the accessi¬ 
bility of their heating surfaces for cleaning operations. Special 
designs of furnaces for the burning of either oil or gas as a fuel are more 
efficient in operation than those built for the use of coal as a fuel and 
then later fitted with either conversion oil or gas burners as discussed 
in Chap. 5. Furnaces designed for the exclusive use of either oil or 
gas as a fuel are generally rated in terms of heat of the fuel input to 
the furnace, heat output at the furnace bonnet, or the heat delivered 
by the warm-air registers, all in Btu per hour. 
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Commercial Furnaces. Typical physical dimensions and ratings 
for one particular steel furnace are given by the data of Table 33. 

TABLE 33 

Physical Dimensions and Ratings of 
Lennox Round Cased Coal-Burning Steel Furnaces 


Firepot 
Diam¬ 
eter, In. 

('asing 
Diam¬ 
eter, In. 

Smoke- 
pipe 
Diam¬ 
eter, In. 

Gravity 
Casing 
Height 
with 14- 
in. Bon¬ 
net, In. 

Forced- 
Air Cas¬ 
ing 

Height 
to Base 
of 

Plenum, 

In. 

1 

Ratings in Btu per Hour 

Gravity 

Forc(Hl-air 

At 

Boniu't 

At 

R(^gist(T 

At 

Boniu^t 

At 

Register 

22 

43 

9 

67 J 

59 

114,070 

1 

sn.sro 

127,700 

108,550 

24 

45 

9 


59 

119,570 

89,680 

•33 870 

113,790 

27 

50 

9 

^ 67i 

69 

146,350 

109,760 

163,850 

139,270 

30 

54 

10 

72 

64 

181,450 

136,090 

203,150 

172,680 


Figure 57 and Table 34 indicate typical dimensions and performance 
data for two sizes of gravity-flow warm-air furnaces built for the sole 
use of gaseous fuels. 


TABLE 34 


Capacity Data for Janitrol Gravity-Flow Warm-Air Furnaces 


1 

Catalog 

Number 

Rating, Btu 
per Hour 

Gas Capacity, 
('u Ft per Hr 
with Btu (-on- 
tent of 

Pipe Area, Sq. In. 

Approxi¬ 

mate 

Shipping 

Weight, 

Lb 

Input 

AGA 

Output 
at Reg¬ 
ister 

550 

800 

1000 

First- 

Floor 

Leaders 

Sec,ond- 

Floor 

Leaders 

GCS 75-64 

75,000 

51,000 

136 

90 

75 

459 

305 

300 

GCSlOO-64 

100,000 

68,000 

182 

125 

100 

613 

1 

407 

350 


Forced-Circulation Ratings by Code. Mechanical warm-air furnaces 
are rated in terms of Btu per hour, based on either register delivery 
or bonnet capacity. The register-delivery capacity with mechanical 
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circulation is assumed as 85 per cent of the output at the bonnet. 
If practicable, ratings should be determined by actual test conducted 
under the conditions which have been specified for the testing of 
gravity-flow furnaces. Furnaces designed for the bur ning of solid 

Roughing-in dimensions 



Front Side 


Dimensions in Inches 









Gas Connection* 

Number 

A 

B C 

J) 

E 

F G 

If 

Natural Maiiu- 








Mixture fac.tured 

Gt'S 75-64 

30 

34 52i 

27A 


U) 5 

4!)J 

f I 

GCSlOO-64 

36 

38 52j 

33tb^ 

35A 

11 6 

50 

3 3 

4 4 


* This is the manifold connection, not the recommended size of the gas supply 
line. 

(Surface Combustion Corp.) 

Fig. 67. Dimensions of Janitrol gas-fired gravity-flow warm-air furnaces. 

fuels and for use in forced-circulation systems for which rating tests 
have not been made may be rated from the data of Table 35. 

Many manufacturers offer oil-burning and gas-burning packaged 
units which are designed specifically for forced circulation. Figure 58 
shows the interior view of such a unit designed for the use of gas as 
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{Surface Combustion Corp.) 

Fig. 58. Typical gas-fired packaged-unit forced-circulation warni-air furnace. 

TABLE 35 

Capacity Ratings of Forced-Circulation Warm-Air FuifNACEs by ('ode 
Ratio of Heat¬ 
ing Surface to Register Delivery, Bonnet Delivery, 
Furnace Grate Area Btu per Hr Btu per Hr 

Hand-fired con- 2265 X S* 1.18 X 2265 X S 

verted to 
stoker, oil, or 
gas firing 

Hand-fired Greater than 15 2265 X^8* 1.18 X 2265 X/8 

to 1 and less 
than 25 to 1 

Hand-fired Greater than 25 2265 X 25G* 1.18 X 2265 X 25 X G 

to 1 

* S — actual heating surface, sq ft. G « actual grate area, sq ft. 
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H 


W 


't; 

10 " 


K 


58" 




Front 


•( 



Dimensions in Ini^iies 


Catalog 

Number 

A 

B 

Return 

Air 

Warm 

Air 

Fluet 

F 

5 

G 

H 

I 

2-2 

J 

K 

Gas Connec¬ 
tion* 

Filter 

Motor t 

Ht 

Width 

C 

D 

E 

Nat¬ 

ural 

3 

4 

Manu¬ 

factured 

3 

4 

Num¬ 

ber 

Size 

HP 

Type 

FAC 60-14 

i«2 

27 

10 

16 

16 

8 

Hi 

26} 

20 

28} 

28} 

2 

16X20 

i 

1 

SP 

FAC 90-14 

221 

27 

10 

20 

20 

8 

5 

iij 

26j 

2f 

20 

3 

4 

3 

4 

2 

20X20 

SP 

FAC 105-14 

241 

27 

10 

22 

22 

8 

6 


26} 

2| 

20 

28} 

3 

4 

a 

4 

2 

20 X20 

1 

4 

SP 

FAC 120-14 

27i 

30 

10 

25 

25 

10 

6 

\2'i 

29 

3i 


25} 


3 

4 

2 

25 X 20 

4 

SP 

FAC 150-14 

34 2 

30 

10 

32 

32 

10 

7 

12} 

29 

3j 

21 ; 

25} 

3 

4 

1 

4 

16X20 

T 

SP 

FAC 180-14 

42| 

30 

10 

40 

40 

10 

7 

12} 

29 

3| 

21? 

25} 

1 

1 

4 

20X20 

3 

SP 


* This is size of manifold connection; not recommended size of the Ras supply line. SP— Split phase, 
t Standard motors are 1725 rpni for 115-volt, ftO-cycle, single-phase current, 
t This is the draft diverter outlet dimension. 

(Surface Combustion Corp.) 

Fig. 69. Phyisical dimensions of Janitrol packaged-type gas-fired forced-circula¬ 
tion warm-air furnaces. 
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a fuel. Included within a single casing are filters, a fan, burners, and 
the recjuired amount of heat-transfer surface. Physical dimensions 
are shown by Fig. 59 and rating data are given for several different 
sized furnaces of this type in Table 36. 

TABLE 36 


Rating Data for Packaged-Type, Gas-Fired, Forced-Circulation, Warm-Air 

Furnaces* 


Model 

Number 

j 

Rating Btu. 
per Hr 

1 

Cfm Delivery 
for Stated, 
Deg F, Temp¬ 
erature Rise 

Gas Cap., 
Cu Ft Hr 
with Btu 
C'«mtent of 

Blower-Wheel 
Data 

i 

Rpm 
at 0.15 
In. of 
Water 

Approxi¬ 

mate 

Shipping 


Input 

1 

Output 
at Reg¬ 
ister 

70 ° 

80® 

90® 

550 

800 

1000 

i 

Diam¬ 

eter 

widt’-.. 

Niiru- 
> jr 

and 
80 F 

W Olgilt, 
Lb 

FAC 60-14 

60,000 

4.3,200 

600 

525 

46.5 

109 

75 

60 

1.3 

7 

1 

1 

i 510 

400 

FAC UO-14 

90,000 

64,800 

900 

790 

700 

164 

113 

90 

13 

10 i 

1 

53.5 

480 

FAC 105-14 

105,000 

75,600 

1050 

920 

815 

191 

131 

105 

13 

10 

1 

580 

GOO 

FAC 120-14 

120,000 

86,400 

1200 

10.50 

935 

218 

150 

120 

1.3 

12 

1 

.575 

6.50 

FAC 150-14 

160,000 

108,000 

1500 

1310 

1170 

273 

188 

150 

13 

7 

2 

510 

780 

FAC 180-14 

180,000 

129,600 

1800 

1575 

1400 

.328 

225 

180 

13 

10 

2 

520 

904 


* Surface Combustion (-orporation. 


136. Casing Bonnets for Gravity Flow. The height of the bonnet 
of a gravity-flow furnace must be great enough so that the largest 
leader used can be attached to it, C'ollars for the leaders arc neces¬ 
sary at the outlet openings. Bonnets, Fig. 60, are constructed with 
pitched and straight sides. When the leaders are taken from the 
bonnet sides the top of the bonnet is an inverted cone. Where the 
leaders are taken from the bonnet top, the ducts are attached to a 
flat surface. The sloped bonnets are of aid in giving the leaders pitch. 
Where the leaders are attached to straight side bonnets a partial elbow 
at the collar is necessary. Bonnets with vertical sides, as C of Fig. 60, 
have the outlets in the top and require an elbow at the fastenings of the 
leaders to the bonnet to give them the proper direction and pitch. 
This latter arrangement requires more basement headroom than when 
the leader attachments are at the sides. According to the results 
given in Bulletin 141 of the University of Illinois Engineering Experi¬ 
ment Station,^ type B is the best for all conditions of service. 

^“Investigations of Warrn-Air Furnaces and Heating Systems,’^ by A. C. 
Willard, A. P. Kratz, and V. S. Day. 
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136. Leader Pipes for Gravity-Flow Systems. Commercial sizes of 
round ducts range as follows: 8-, 9-, 10-, 12-, and 14-in. diameter. 
These pipes are generally made of light sheet steel plated with tin or 
of sheet aluminum; they may also be galvanized steel. Leaders less 
than 8 in. in diameter are not practical in jgravity-flow installations 
because of excessive friction and heat losses. Therefore, irrespective 
of the calculated size, no gravity-flow leader should be installed which 
has a diameter less than 8 in. For gravity-flow installations leaders 
larger than 14 in. in diameter involve the use of bonnets higher than 
those generally provided with furnace casings. 




Combustion Rate in lb. of Coal 
per sq. ft. of Grate per hr. 


Fig. 60 . Performance curves for three types of gravity-flow warm-air furnaci^ 

bonnets. 


Leaders not exceeding 6 to 8 ft in length are the most desirable, 
although leaders 10 to 12 ft long can be used. Wherever a gravity- 
flow leader exc.eeds 12 ft in length special consideration must be given 
to it. If possible, all leaders should be of approximately the same 
length. In order to control the air flow in the leaders of varying 
length it is necessary to have a cross damper installed in each leader 
at a location near to the furnace bonnet. 

The heat-carrying capacity of a leader is dependent upon its length, 
the resistance of the included fittings, the temperature of the air 
carried by the leader, the inside-air temperature of the structure, and 
the height of the register outlet above the furnace. Thus it follows 
that first-floor leaders will have a smaller heat-carrying capacity per 
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unit of crovss-scctional area, under fixed operating conditions, than 
leaders serving either second-floor or third-floor rooms. Likewise the 
heating capacity of a leader of a given diameter serving a second-floor 
room is less than that of a leader of equal diameter serving a third- 
floor room under the same temperature conditions. For gravity- 
flow warm-air-furnace plants operating with 70 F at the room breath¬ 
ing-line levels and 175 F equivalent-register temperatures, Art. 134, 
commonly used values of leader heat-carrying capacities have been: 



Fig. 61. Diagrammatic section of a typical forced-circulation warm-air heating 

system. 


first-floor, 111; second-floor, 1G7; and third-floor rooms, 200 Btu per 
hr per sq in. of leader cross-sectional area. The data and methods 
which are given in Art. 140 permit more accurate and satisfactory 
selections of leader pipes, fittings, stacks, and registers for one- and 
two-story structures than those methods based on Btu per hour per 
square inch of leader cross section. 

137, Duct Arrangements for Mechanical Systems. The gravity- 
flow system of Fig. 52 could be converted to forced circulation of the 
air by the addition of a fan and a revision of the recirculating duct, 
transition piece, and shoe. However, systems initially designed for 
forced circulation usually include a different type of bonnet, and both 
warm-air and return-air ducts are arranged to interfere as little as 
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possible with the use of the floor area beneath them. Figure 61 shows 
a typical piping arrangement for conducting the heated air away from 
the plenum chamber at the top of the furnace. The illustration also 
shows part of the ducts required to collect the return air and conduct 
it to the lower part of the furnace 
casing. In some mechanical systems 
the fan and the filter are placed in the 
lower portion of the furnace casing 
(see Fig. 58), while in other arrange¬ 
ments, as in Fig. 61, these parts of the 

system are housed in a separate cabinet _ 

1 . 1 . j. i. i. r • Fig. 62. Floor register, 

which IS adjacent to the furnace casing. 

Regardless of the location of the fan and filter it is the usual practice 
to design the return-air trunk in such a way that a minimum amount 
of floor area is made useless by its presence. 

138. Registers in Gravity-Flow Systems. A grille with a (control 
valve of some type should be placed over or in openings through which 
the warm air enters spaces, and the 
entrances to all recirculating ducts 
should be protected in a suitable man¬ 
ner by valveless units. Warm-air 
registers in gravity-flow plants may 
be located in the floor adjacent to an 
interior partition, in an interior parti¬ 
tion at the level of the baseboard, or 
in an interior partition just above the 
level of the baseboard. Figure 62 
shows a typical floor register with a 
control valve consisting of four mov¬ 
able vanes. A modern baseboard 
type of register is shown in Fig. 63. 

The small handle appearing in the 
upper center of the photograph is for the operation of the control valve 
located at the rear of the grille. 

In general, one register is provided for each room, though large 
living rooms may require two and small rooms may be heated from a 
register in an adjacent room provided that the two rooms are always 
interconnected by an archway that is at least 7 ft high. 

It is usual practice to locate all return-air registers in gravity-flow 
plants on the first floor of the house. If the house includes a second 
floor, one register located near the base of the stairway returns all the 
recirculated air from the second floor. This register which will 



(Turnbull Manufacturing and Distributing 

Co.) 

Fig. 63. Baseboard registcir for a 
gravity-flow system. 
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invariably be larger than any of the others may also return part of 
the air from the first-floor rooms. If practicable, one or more addi¬ 
tional return-air registers should be located near outside walls where 
they will be most effective in intercepting down drafts of cold air from 
glass surfaces, thus preventing the movement of cold air across the 
floor of the living room. Doors of rooms such as bedrooms which are 
not provided with return-air outlets must clear the floor or floor cover¬ 
ing by at least ^ in. to permit the flow of return air to the nearest 


ODDODODOflOODDDO 

_OQODDQODODQOQQQ 

OOOOODOQDQDOaOOOOQ 

□DDOODDOQOOQDODDDD 

aaDQDDQOODaOQUOOQO 

DDDODnDQDQQQQDOODa 

DOQDQDOQQOQDDQOODQ 

QQDODQQOOOaQQODODQ 

QDDQaOQDOQOQaQDaoa 

OQODODaaQDOOQODOQO 

QOQQDDaaaooaQoaQOQ 

OOOQOQOODQODOaDaOD 



(a) 


(h) 



(c) 

Fig. 64. Return-duct registers for gravity flow, (a) Wood, (h) Metal for floor 
use. (c) Metal baseboard. 

register. Three different types of return-air registers for gravity-flow 
systems are illustrated in Fig. 64. 

139. Registers in Mechanical Warm-Air Systems. When air (dr- 
culation is produced by means of a fan, satisfactory heating of a room 
may be produced with the warm-air registers located in the floor, low 
on a side wall, high on a side wall, or in the ceiling. The principal 
requirement from a comfort standpoint is that the register is so located 
that the air stream does not strike an occupant before it has lost its 
high velocity. The high sidewall location is extensively used because 
when the register is in this position there is little chance that the air 
stream will strike an occupant anywhere in the room. A register 
located high on a side wall offers an additional advantage in that it 
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does not interfere with any furniture arrangement which may be 
desired. The ceiling register also offers these advantages but is less 
commonly used because when the furnace is located in the basement, 
more piping is required to reach a warm-air outlet in this location. 
A register suitable for either the high sidewall or low sidewall location 
in a forced-circulation system is shown in Fig. 656. Other types of 
outlet grilles suitable for use in forced-circulation systems are discussed 
in Chap. 13. 
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(b) 


Fig. 65. Forced-circulation warm-air registers, (a) Baseboard return-air unit. 
(b) High- or low-sidewall register arranged to deflect one-half of air to right and 

one-half to left. 

In designing forced-circulation warm-air systems it is the usual 
practice to include a return-air grille in each room to be heated with 
the exception of bathrooms, closets, kitchens, and lavatories. A vent 
to the outside should be provided in the kitchen to remove cooking 
odors from the house. Large living rooms are usually provided with 
two return-air intakes. Intake grilles for mechanical systems are 
generally placed in an outer wall of the room with the lower edge at 
floor level. They have the general appearance of the sidewall outlet 
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registers but do not include a means of regulating the flow of air. A 
typical return-air grille, for forced circulation, is shown in Fig. 65a. 
Floor intakes may also be used and offer less resistance to the flow of 
air than those placed in a vertical position. However, the sidewall 
type of intake is usually preferred because it does not interfere with 
the placement of any type of floor covering, and there is less chance 
that small articles will accidcntially drop into it. 

140. Design of Piped Gravity-Flow Warm-Air Heating Plants. 
The Installation Codes Committee of the National Warm Air Heating 
and Air Conditioning Association recommends the following proce- 
dure^ for determining the proper sizes and specifications for the com¬ 
ponent parts of gravity-flow warm-air heating systems suitable for 
one- and two-story residences. The various iletaiis of design are: 

1. Locate all warm-air registers and ret?irn-:iir intakes on the 
first- and second-floor plans of the house to be heated; indicate floor- 
and baseboard-register placements as shown by Fig. (iG. Accepted 
symbols and abbreviations for such plans are detailed by Fig. 67. 

2. Indicate any reejuired crossover connections between register 
and riser or stack locations. A crossover connection is a horizontal 
rectangular duct placed between floor joists as indicated by offsets 

/?, and i of Fig. 68. 

3. On a basement plan, similar to the one of Fig. 66, show the 
locations of the following items: 

а. Warm-air and return risers for first/- and second-floor rooms. 

б. Furnace, including front of furnace. 

c. Smokepipe or flue connections to chimney. 

d. Warm-air leader pipes to risers or stacks. 

e. Return-air branch lines. 

/. Return-air ducts, to furnace, serving one or more branch 
lines. 

4. Calculate the heat losses from each room according to the 
methods outlined in Chap. 4 or with the aid of a suitable table. 

5. Determine the actual length, in feet, of each warm-air leader 
from the layout on the basement plan. Do not include the length of 
vertical risers; the horizontal length of any crossover connection should 
be added to the horizontal length of its leader as determined from the 
basement plan. 

6. Determine the number of right-angle elbows which would offer 
the same resistance to air flow as would the fittings in any leader or 
leader and crossover combination. Do not consider the registers in 

* *^Gravity Code and Manual for the Design and Installation of Gravity Warm Air 
Heating Systems^* published by the NWAH and ACA of Cleveland, Ohio. 
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(c) Second floor 


Fi(3. 66. Layout of a gravity-flow warm-air furnace system in a residence. 
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Warm air 

Return Air 

Abbreviations 

CS3 Riser to second story 

C^D Riser to second story 

S.P.—Smoke pipe 

tbsJ Riser to first story 

CEiU Riser to first story 

FI. —Chimney flue 

Fee.—Furnace 

bzzd Riser from basement 
floor to joist level 

F-r—1 Riser from basement 

floor to joist level 

% ^ Duct 

f. Duct 

Bl. —Blower 

i\\\ lib Angles, elbows 

Angles, elbows 

B.J. —Duct between joists 

IpVv Register 

IhiA* Intake 

S.S. — Stud space used 

B.B.—Baseboard 

R.A. —Return air 

as return duct 

LW.— Low wall 

n 

connection 
below joist 

J.S. —Joist space used 

H.W.-High wall 

as return duct 

CIg. —Ceiling 

D. —Damper 

Floor register 

Eiiia Floor intake 

Th. —Thermostat 


Fig. 67. Symbols and abbreviations for wann-air heating jilans. 


making allowances for fittings. Elbow equivalents of commonly 
used fittings are given by Fig. 68. The boots shown in Fig. 68 are 
available in two different styles. One style has top outlet openings 
equal to the proper throat dimensions listed in Section A of Table 39, 
and they are used when serving baseboard registers located in a first- 




45 deg angle boot ^ 

and 45-deg elbow ^ 

^ Consider 

Consider combination combination 
as equivalent to as equivalent 
one elbow (q elbow 



Universal boot 
and 90 deg elbow 

Consider combination 
as equivalent to 


Consider 
combination 
as equivalent to 
two elbows 


Consider - 
combination 
as equivalent to 
2 V 2 elbows 


one elbow 



(/) „ <*) . W (i) 

45 deg angle floor register Offset Offset 

Consider 

as equivalent Consider combination Consider combination Consider combination 
to as equivalent to as equivalent to as equivalent to 

% elbow three elbows three elbows two elbows 


Fig. 68, Warm-air boot combinations and their elbow equivalents. 
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floor room. The other style has top outlet openings equal to the 
proper stack dimensions shown in Section B of Table 39 and they are 
used when serving any type of register located on the second floor. 

TABLE 37 

Warm-Air Carrying Capacity, First-Story Registers for Gravity Flow 


Warm- 

Air 

Combi¬ 

nation 

Num¬ 

ber 


5.8501 

7.360 

9.000 

12,910 

16.940 


Actual Length Of Leader, from Bonnet to Hoot, Ft 


4 

Col¬ 

umn 


6 

Col¬ 

umn 

h 


8 

Col¬ 

umn 


• 10 
Col¬ 
umn 
d 


12 

Col¬ 

umn 


14 

Col¬ 

umn 

/ 


16 

Col¬ 

umn 

u 


18 

Col¬ 

umn 

h 


20 

Col¬ 

umn 


22 

Col¬ 

umn 

i 


24 

Col- 

uinn 

ic 


Warm- 

Air 

iCombi- 

nation 

Num¬ 

ber 


6,020 
7,620 
9,400 
13,350 
17,520 


5,850 

7,400 

9,140 

12,970 

17,020 


Section A, Bt«i per Hr Delivery with One Elbow 


5,680 

7,180 

8,870 

12,590 

16,530 


5,510 
6,970 
8,600 
12,210 
16,040 


5.,340 
6,760 
8,340 
I1,830 

15,550 


170 

6,540 
8,070 
11,450 
15,050 


5,000 

6,320 

7,810 

11,080 

14,550 


4,830 

6,110 

7,540 
10,700 
14,C50 


660 
5,890 
7,270 

10,320 

13,560 


5,6601 

7,150 

8,840 

12,540 

16.450 


Sec-tion B, Btu per Hr Delivery with Two Elbows 


4,490 

5,680 

7,010 

9,950 

13,060 


4,320 

5,460 

6,740 

9,560 

12,560 


5,490 

6,940 

8,580 

12,170 

15,990 


5,3301 
6.730 

8,320 
11,800 
15,500 


5,160 
6..520 
8,060 
11,430 
15,040 


5,000 

6,320 

7,800 

11,060 

14,550 


4.840 

6,110 

7.550 
10,690 
14,080 


4,670 
5,910 
7.290 

10,320 
13,600 


4,510 

5,700 

7,040 

9,9501 

13,120 


4.340 

5,500 

6.780 

9,580 

12,650 


4,180 

5,290 

6,520 

9,210 

12.150 


5,620 
7,120 
8,780 
12,450 
16,360 


5,460 

6,910 

8,530 

12,100 

15,900 


Section C, Btu per Hr Delivery wdth Three Elbows 
5,310 5,150 4,990 4.830 4,670 4,510 4,350 

6,710 6,510 6,310 6,110 5,900 5,700 5,500 

8,280 8,030 7,780 7,530 7,290 7,040 6,800 

11,750 11,400 11,050 10,700 10,350 10,000 9,650 

15,440 14,970 14,510 14,050 13,600 13,130 12,660 


5,420 

6,860 

8,460 

12,010 

115,770 


5,260 

6,660 

8,220 

11,670 

15,320 


Section D, Btu i^r Hr Delivery with Four Elbows 
5,110 4,960 4,8(K) 4,650 4,500 4,350 4,190 
6,460 6,270 6,080 5,890 5,690 6.500 5,.300 
7,980 7,740 7,500 7,260 7.020 6,780 6,550 
11.,330 10,990 10,650 10,310 9,970 9,630 9,290 
14,880 14,420 13,990 13,540 13,100 12,650 12,200 


4,190 

6,300 

6.. 560 

9.. 300 

12,200 


4,030 

6,100 

6,300 

8,9.50 

11,7501 


4,040 
6,110 
6,310 
8,950 
11,750 


3,8tK) 

4,910 

6,070 

8,610 

11,310 


5,240 

6,630 

8,180 

11,610 

15,250 


5,0901 
6,440 
7,950 
11,290 
14,800 


Section E, Btu per Hr Delivery with Five Elbows 


4,940 

6,250 

7,720 

10,9.50 

14,380 


4,790 

6,060 

7,490 

10,620 

13,950 


4,640 

5,880 

7,260 

10,300 

13,520 


500 
690 
7.0.30 
9,970 
13,090 


4,350 

5,500 

6,800 

9,640 

12,650 


4 . 200 ' 

5.320 
6,560 

9.320 
12,230 


4,0.50 

5,130 

6,330 

8,990 

11,800 


3,9101 
4,940 
6,100 
8,660 
11,.370 


3,760 

4,7.50 

5,860 

8,320 

10,9401 


4,990 

6,320 

7,800 

11,070 

14,540 

4.8.50 
6,140 
7,580 
10,760 
14,120 

Socti 

4,710 

5,960 

7,360 

10.450 

13,710 

on F, B 
4,570 
5,780 
7,140 
10,140 
13,310 

tu per 1 
4,4.30 
5,610 
6,920 
9,820 
12,900 

Ir Deli 
4,290 
5,430 
6,700 
9.,500 
12,500 

. 

v^ery wi 
4,150 
5,240 
6,480 
9,200 
12,070 

,h Six 1 
4,010 
5,070 
6,260 
8,880 
11,650 

llbows 

3,860 
4,890 
6,030 
8,560 
11,250 

3,720 

4,710 

5,820 

8,260 

10,840 

3,580 
4,.530 
5,590 
7,930 
10,430 

4,8201 

6,100 

7,5201 

10,680 

14,000 

4,680] 

5,920 

7.310 

10,370 

13,610 

Section 

4,540 

5,740 

7,100 

10,070 

13,220 

L G, Btu 
4,410 
5,580 
6,880 
9,770 
12,830 

per Hr 
4,270 
5,410 
6,670 
9,460 
12,440 

’ Delive 
4,140] 
5,230 
6,460l 
9,160 
12,040 

ry with 
4,000] 
5,060 
6,2.50 
8,860 
11,640 

Seven 
.3,860 
4,890 
6,0.30 
8..560 
11,240 

Elbows 

3,7.30 

4,710 

5,820 

8,260 

10,850 

3,590] 
4..540 
6,610 
7.960 
10,450 

.3,460 

4,370 

5,390 

7.650 

10,050 


When a leader serves a floor register in a room in the first story a 
special boot terminating in the dimensions of the register pan is used. 

7. Use the information given by steps 4, 5, and 6 together with 
either Table 37 or 38 to find the numbers of the correct combinations 
to be used for supplying heated air to each room. 
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TABLE 38 

Warm-Air Carrying Capacity, Second-Story Registers 
FOR Gravity Flow 


Warm- 


Actual Length of Leader, From Bonnet To Boot, Feet 


Warm- 













Air 













Combi- 


6 

8 






20 

22 

24 

Combi- 


4 

i 10 

12 

14 

16 

18 


Num- 

Col- 

Col- 

Col- 

! Col- 

Col- 

Col- 

Col- 

Col- 

Col- 

Col- 

Col- 

Num- 

ber 

umn 

umn 

umn 

umn 

umn 

umn 

umn 

umn 

umn 

umn 

umn 

ber 

a 

b 

c 

d 

1 

e 

/ 

a 

h 

i 

J 

k 




Section A, Btu per Hr Delivery with One Klbow 




11 

8,370 

8,140 

7,900 

7,670 

7,430 

7,190 

6,950 

6,710 

6,470 

6,240 

6,000 

11 

12 

10,040 

9,760 

9,470 

9,190 

8,900 

8,620 

8,330 

8,050 

7,770 

7.480 

7,200 

12 

14 

11,710 

11,380 

11,050 

10,720 

10,390 

10,060 

9,720 

9,390 

9,060 

8,7.30 

8,400 

14 

15 

16,200 

15,7,50 

15,300 

14,840 

14,380 

13,920 

13,460 

i3,000|12,550l 

12,100 

11,640 

15 

16 

18,920 

18,390 

,17.850 

17,310 

,16,780 

10.240 

15,710 

15.180111 .6401 

14,100 

13,570 

16 




Section B, Btu per Hr Delivery with Two Elbows 




11 

7,940 

7,720 

7,600 

7,280 

7,050 

6,830 

6,600 

6.370 

6 1501 

5,9.30] 

6,700 

11 

12 

9,540 

9,270 

9,000 

8,730 

8,460 

8.: 90 

7.920 

7.6.50 

1 .380’ 

7.110 

6,840 

12 

14 

11,120 

10,810 

10,500 

10,180 

9,870 

9,.5.50 

9,230 

8.920 

S.6«0| 

I 8.29d 

7.980 

14 

15 

15,400 

14,970 

14,530 

14,100 

13,670 

13,230 

12,800 

12,360 

11 930111,500 

11.070 

15 

16 

17,980 

17,470 

16,960 

16,450 

15,950 

[15,430 

14,830 

14,420 

11.1,91C; 13,400 

12.890 

16 




Section C, Btu 

1 per Hr 

• Deliverv with Three Elbows 




11 

7,5301 

7,320 

7.1101 

6,900 

6,680 

6,4701 

6,250 

6,040 

5,830 

1 5,6201 

5,400 

11 

12 

9,0301 

8,780 

8,520 

8,270 

8,010 

7,750| 

7,500 

7.240 

6,990 

1 6,730| 

6.470 

12 

14 

10,530 

10,240 

9,940 

9,6.50 

9,3.50 

9.050| 

8,7.50 

8,450 

8,160 

7,860 

1 7,560 

14 

15 

14,580 

14,180 

13,780 

13,.370 

12,950 

12,530 

12,120 

11,710 

U ,300 10,890 

10.480 

15 

16 

17,040 

16,550 

16,070 

15,580 

15,110 

14,6201 

14,140 

13,660 

13,180ll2,700 

[12.210 

16 




Section D, Btu per Hr Delivery with Four Elbows 




11 

7,120 

6,920 

6,720 

6,520 

6,310 

6,110 

5,900 

5,700 

5,500 

5..300 

5,100 

11 

12 

8,5,30 

8.290 

8,050 

7,810 

7,.570 

7,3,30 

7,080 

6,840| 

6,600 

6,360 

6,120 

12 

14 

9,9,50 

9,670 

9,390 

9,110 

8,830 

8,5.50 

8,260 

7.980| 

7,700 

7.420 

7,140 

14 

15 

13,780 

13,390 

13,000 

12,610 

12,220 

11,830 

11,440 

11,0.50 

10,670 

10,280 

9,890 

15 

16 

16,080 

15,620 

15,170 

14,710 

14,260 

13,810 

13,350 

12,900 

12,440 

11,980 

11,530 

16 




Section E, Btu per Hr Delivery with Five Elbows 




11 

6,700 

6,510 

6,320 

6,1,30 

5,940 

5,750 

5,560 

5,370 

5,180 

4,990 

4,800 

11 

12 

8,040 

7,810 

7,580 

7,350 

7,130 

6,900 

6,670 

6,440 

6,220 

5,990 

5,760 

12 

14 

9,370 

9,110 

8,850 

8,580 

8,310 

8,050 

7,780 

7,510 

7,2.50 

6.980 

6,720 

14 

15 

12,970 

12,600 

12,240 

11,870 

11,500 

11,140 

10,770 

10,400 

10,040 

9,680 

9,310 

15 

16 

15,140 

14,710 

14,280 

13,850 

13,420 

13,000 

ll2,570 

12,140 

11,710 

11,280 

10.8.50 

16 




Section F, Btu per Hr Delivery with Six Elbows 




11 

6,2801 

6 lOOi 

5,920 

5,770 

5,570 

5,390 

5,210 

5,030 

4,8.50 

4,680 

4, .500 

11 

12 

7,530 

7,.3201 

7,100 

6,890 

6,670 

6,460 

6,250 

6,040 

5.830 

5,610 

5,400 

12 

14 

8,780 

8,540 

8,290 

8,040 

7,800 

7,550 

7,290 

7,040 

6,800 

6,.5.50 

6,300 

14 

15 

12,150 

11,800 

11,470 

11,140 

10,780 

10,440 

10,100 

9,7.50 

9,420 

9,080 

8,730 

10,180 

15 

16 

14,180 

13,780 

13,380 

12,980 

112,580 

12,180 

111,780 

11,380 

110,980 

10,580 

16 




Section G, Btu per Hr Delivery with Seven Elbows 




It 

5,860 

5,700 

5,5,30 

5,370 

5,200 

5,040 

4,870 

4,700 

1 4,5301 4,370 

4,200 

11 

12 

7,020 

6,830 

6,630 

6,440 

6,230 

6,040 

5,830 

5,640 

5,440 

5,240 

5,040 

12 

14 

8,200 

7,970 

7,740 

7..500 

7.280 

7,040 

6,800 

6,.570 

6,340 

6,110 

5,880 

14 

15 

11,340 

11,020 

10,710 

10,380 

10,070 

9,740 

9,420 

9,100 

8,790 

8,470 

8,150 

15 

16 

13,240 

12,870 

12,500 

12,120 

11,750 

11,370 

11,000 

10,630 

10,250 

9,870 

9,500 

16 


When floor registers are used in second-story rooms, include the equivalent elbow resistance for 
the crossover connection, as shown in Fi^. 68(9). 


8. Use Table 39 to translate the correct combination number 
obtained from either Table 37 or 38 into actual dimensions of leaders, 
stacks, and registers. 

The combinations of leader diameters and stack or throat sizes 
shown in Table 39 have been found to function satisfactorily, and an 
effort is being made to secure industry-wide standardization on these 
proportions. Dimensions other than those shown by Table 39 can 
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TABLE 39 

Gravity-Flow Warm-Air Duct System, Combination of Parts Selected as 

Standard 
Section A 

First-Story Warm-Air Diicts 


Warm- 

Air 

C'ombi- 

nation 

Number 

Leader- 

Pipe 

Diameter, 

In. 

Pipe 

Area, 

Sq In. 

Register Size, In. 

a 

Floor 

b 

Bas(d)oard 

Size 

Extension 

Throat 

Size 

1 

8 

50 

8 X 10 

10 X 8 

2i 

f>i X 10 

2 

9 

64 

9 X 12 

12 X 8 

2i 

6S X 12 

3 

10 

78 

10 X 12 

12 X 9 

3i 

7| X 12 

4 

12 

113 

12 X 14 

13 X 11 

5i 

9J X 13 

5 

14 

154 

14 X 16 





Note. When the calculations indicate a requirement for a giv('n room greater 
than unit number 4, two or more smaller units totalling the required capacity are 
recommended. 


Section B 


Second-Story Warm-Air Ducts, Single-Wall Stacks and Fittings 


Warm- 

Air 

Gom bi- 
nation 
Numbers 

Leader- 

Pipe 

Diameter, 

In. 

Pipe 

Area, 

Sq In. 

Stack* 

Size, 

In. 


Register 

Size, In. 


a 

Floor 

1 

Bas(d 

Size 

) 

>oard 

Exten¬ 

sion 

c 

Sidewall 

11 

8 

50 

10 X 3i 

8 X 10 

10 X 8 

2i 

10 X 8 

12 

9 

64 

12 X 3i 

9 X 12 

12 X 8 

2i 

12 X 8 

14 

10 

78 

14 X 31 


12 X 8 

2i 

12 X 8 

15 

12 

113 

12 X 51 


12 X 9 

3i 


16 

12 

113 

14 X 51 


13 X 11 

5i 



* IlecommendcKl stack sizes. This table may also be applied to 3- and 3^-in. 
stack depths. 


be used, but the cross-sectional area of the stack should be at least 70 
per cent of that of the leader attached to it. 

9. Calculate the sum of the heat losses, in Btu per hour, from all 
of the rooms to be served by each return-air intake. 

10. From Fig. 69 and reference to the basement layout determine 
which of the illustrated typical arrangements most nearly coincides 
with each of the return-air conduits from register to furnace shoe. 



178 


HEATING WITH WARM-AIR FURNACES 


11. The sum of the heat losses and the letter representing the 
arrangement type are used with Table 40 to find the return-air com¬ 
bination number to be used in connection with'each return-air intake. 

12. The return-air combination number obtained from Table 40 is 
used in (connection with Table 41 to determine the actual dimensions 
of the various parts of each return-air arrangement selected. 

13. Select a furnace having a register delivery rating, in Btu per 
hour, ecpial to the sum of the calculated heat losses from all the rooms 
to be served. 


TABLE 40 

Gravity-Flow Warm-Air Systems, Return Air Carbyino Capacjity, BTU 

Serviced per Hour 


Return- 

Air 

(\)mhi- 
n at ion 
Number 

Duct 
Diam¬ 
eter, In. 

Type/I, 
Btu per 
Hr 

Types B 
and C, 
Btu per 
Hr 

Type D, 
Btu per 
Hr 

Type E, 
Btu per 
Hr 

Typo F, 
Btu per 
Hr 

Return- 

Air 

(Combi¬ 

nation 

Number 

31 

10 

11,300 

9,500 

7,800 

5,000 

7,800 

31 

32 

12 

16,300 

13,700 

11,300 

7,200 

11,300 

32 

33 

14 

22,200 

18,700 

15,300 

9,800 

15,300 

33 

34 

16 

29,000 

24,400 

20,000 

12,800 

20,000 

34 

35 

18 

36,700 

30,800 

25,300 

16,200 

25,300 

35 

36 

20 

45,300 

38,000 

31,300 

20,000 

31,300 

36 

37 

22 

54,800 

46,000 

37,800 

24,100 

37,800 

37 

38 

24 

65,200 

54,800 

45,000 

28,700 

45,000 

38 


Although the return air as such, does not contribute toward room 
heating, the volume to be handled by any arrangement of return-air 
register, duct, and shoe is proportional to the heat losses from all the 
rooms served by it. The total heat loss from the structure is always 
less than the sum of the heat losses from all the individual rooms 
because infiltration of cold air does not occur in all the rooms at the 
same time. Therefore, in selecting a furnace according to item 13 of 
the outlined procedure, some reserve capacity is prewided. 

Figure 70 shows the recommended practice in joining two horizontal 
return ducts to a common vertical or inclined duct. Four different 
types of shoes for joining a vertical or an inclined duct to a furnace 
casing are illustrated by Fig. 71. 



TABLE 41 

Gravity-Flow Warm-Air Systems^ Returx-Air Ducts, 
Combinations of Parts Selected as Standard 
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Based on 14-in. space between joists. 

Use full depth of joist except when joist depth is less than minimum depth required, when pan must be used. 
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Return-air shoe^ 

Type A Type B Type C 



Grille 



Same as Type JB 
except that collar 
and shoe are same 
as for Type A 


Type D Type E Type F 

Note; For types C, A A and F, return-air duct systems reduce the carrying capacities 
shown in Table 40 by one per cent for each 4 ft additional length In the 
horizontal run. 

Fia. 69. ArraiiRcments of gravity-flow return-air duct systems. 

Table 42 is a work-sheet tabulation used in applying the outlined 
procedure to the two-story house for which the heating plan of Fig. 
66 was made. 

One return-air register serves the entire house in the heating plan 
of Fig. 66. The sum of the heat losses of the rooms served is 33,745 
Btu per hr, the arrangement is type referring to Fig. 69, and the 



Fig. 70. Recommended connection of two horizontal gravity-flow return-air 

ducts. 
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proper combination number was found from Table 40 to be number 
35. From Table 41 it was found that combination 35 consists of an 
18-in. diameter recirculating duct, either a 14 X 24 in. or a 12 X 30 
in. metal grille, and a shoe having an area of 280 sq in. at the connec¬ 
tion to the furnace casing. The shape of the 14 X 24 in. register is 
better adapted to the location chosen for it on the plan of Fig. 66. 

In considering the arrangement of the rooms, the layout of the base¬ 
ment, and the direction of the joists in the plan of Fig. 66 it seemed 
advisable to use only one return-air register. It is unlikely that 
noticeable drafts would occur in this house because the walls are 



Fig. 71. Recirculating-duct shoes. 

insulated, and storm windows are provided at all window openings. 
Where there are one or more large areas of single glass such as picture 
windows, additional return-air registers should be located as close to 
them as practicable so as to carry cold air from them to the furnace so 
that it will not cross the floor of the room. 

141. Design of Forced-Circulation Warm-Air Furnace Systems. 
The air-carrying ducts of large systems or systems serving buildings 
of three or more stories should be designed by the method which is 
outlined in Art. 302. For all heating plants of this type, serving one- 
or two-story buildings which have design heat losses less than 150,000 
Btu per hour, the following procedure, similar to the one previously 
given for gravity-flow plants in the preceding article, is recommended 
by the same authority. Tables 44, 45, 46, and 48, which may be 
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Two registers are provided in the living room. 
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used for determining the required dimensions for the trunks, branch 
pipes, stacks and registers, are based on an assumed temperature rise 
through the furnace of 100 F under design conditions and an assumed 
friction pressure loss of 0.10 in. of water between the furnace bonnet 
and the register outlets and between the return-air inlets and the 
blower cabinet. The various steps in the design procedure are as 
follows: 

1. Locate all supply and return-air intakes on the first- and second- 
floor plans of the house to be heated (see Fig. 72 and Art. 139). 

2. Indicate any required crossover connection between a second- 
floor register and the stack location in a first-floor partition where the 
building construction does not permit the normal arrangement. No 
crossover is required in the plan of Fig. 72. 

3. On a basement plan similar to the one of Fig. 72 show the 
location of the following items: 

a. Warm-air and return-air stacks for first- and second-floor 
rooms. The numbers and letters at the stack locations on 
the basement plan of Fig. 72 indicate the type of fitting used 
with reference to Fig. 73. 

b. Location of furnace showing smokepipe from it to the 
chimney. If the fan is in a separate cabinet show its location 
beside the furnace. The fan in the system of Fig. 72 is 
located in the lower part of the furnace casing as shown in 
Fig. 58. 

c. The system of ducts which connects the plenum at the top 
of the furnace to the stacks leading to the various registers. 
Use solid lines to indicate this system of ducts (see Fig. 72). 

d. Return-air system of ducts connecting return-air stacks or 
boots to the return-air plenum. Use broken lines to indicate 
this system of ducts (see Fig. 72). 

4. Calculate the heat losses from each room, and insert as item 3 
in a table similar to Table 43. 

5. From the basement plan determine the actual length from the 
bonnet to the boot for each branch that is to deliver warm air and 
enter this figure as item 4 in the table. Use two columns for one room 
if it is served by two different branches. Include the horizontal length 
of any crossovers in a joist space between first and second floor, but 
do not include vertical lengths of stacks. 

6. Determine the equivalent length of fittings and register for the 
system serving each register (see Fig. 73). The equivalent length of a 
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Fio. 72. {Continued on page 185.) 
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Fig. 72. Layout of a forced-circulation warm-air heating system in a residence'. 


bonnet takc-olT is included in the total, for every branch duct served 
when a trunk serves several branches. Similarly the equivalent 
length of an elbow in a trunk is included in the total for all branch 
ducts served by trunk take-olTs located downstream from such a 
fitting, l^nter the sum of these equivalent lengths as item 6 in a 
table such as Table 43. The equivalent lengths of the fittings in 
that portion of the system which serves the kitchen in the plan of 
Fig. 72 are as follows: plenum take-off, type /, 35 ft; elbow in trunk, 
10 ft; trunk take-off, type i, 10 ft; boot, type 6, 35 ft; register with 
22-deg deflection angle, 45 ft; total, 135 ft. Item 6 in Table 43 was 
calculated for each of the other rooms in the same manner. 

7. Using Table 44 for a first-story room, or Table 45 for a second- 
story room, and the information given in items 3, 4, and 6 of Table 
43, read the proper combination number at the right side of the table 
used, and enter this number as item 7 in Table 43. The combination 
selected is the one for which the table shows a Btu capacity closest 
to the estimated heat losses from the room to be heated. 

8. Using the combination number which has been selected deter¬ 
mine the dimensions of the stack, branch pipe, register, and the 
required increase in trunk width from Table 46, and enter these data 
as items 8, 9, 10, and 11 in a tabulation similar to Table 43. 

9. After proper dimensions of all warm-air branch ducts have been 














TABLE 43 

Work Sheet Illustrating the Method Used in Sizing the W arm-Air Ducts for the Plan of Fig. 72 
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TABLE 44 

Capacity Tables For Forced-Circulation, Warm-Air and Return-Air 
l^RANCHEs, First Story 


Actual Length from Bonnet to Boot or from Return 
Plenum to Boot, Ft 


For Uninsu¬ 
lated Metal 
Ducts 

1 to 

7 ft 

8 to 
12 ft 

13 to 
17 ft 

18 to 
24 ft 

25 to 
34 ft 

3.5 to 
44 ft 

45 to 
54 ft 

55 to 
64 ft 

Warm-Air 

Combina¬ 

tion 

Number 

Return- 
Air (yom- 
bi nation 
Number 


Col¬ 
umn a 

Col¬ 
umn h 

Col- 
\imn c 

Col¬ 
umn d 

Col¬ 
umn e 

\ 

Col¬ 

umn/ 

Col¬ 
umn g 

Col¬ 
umn h 



Section A 

7,200 

6,700 

' 6,100 

1 5,600 

4,800 

4,100 

3 500 

3,000 

41 

51 


12,500 

11,700 

10,800 

9,900 

8,500 

7,400 

6,400 

5,.500 

42 

52 

40 to 69 

16,000 

15,000 

14,000 

13,000 

11,300 

9,900 

8,700 

7,700 

43 

53 

equivalent 

19,100 

18,000 

17,000 

16,000 

14,200 

12,500 

11,000 

9,600 

44 

54 

feet for 











fittings 

25,000 

23,400 

21,600 

19,800 

17,000 

14,800 

12,800 

11,000 

45* 

.5.5 

and 

32,000 

30,000 

28,000 

26,0(M) 

22,600 

19,800 

17,400 

15,400 

46* 

56 

register 

80,000 

75,000 

70,000 

65,000 

j56,500 

49,500 

43,500 

38,500 


57* 

Section B 

5,500 

5,100 

4.800 

4,500 

3.900 

3,400 

3.000 

2,600 

41 

51 


9,900 

9,200 

8,600 

8,100 

7,100 

6,200 

5,400 

4,600 

42 

52 

70 to 09 

13,100 

12,300 

11,600 

10.900 

9,700 

8..500 

7..500 

6.500 

43 

53 

equivalent 

feet 

16.300 

15,400 

14.500 

13,700 

12,200 

10,800 

1 9,500 

8.300 

44 

54 

19.800 

18,400 

17,200 

16,200 

14.200 

12,400 

10,800 

9,200 

45* 

55 


26,200 

24,600 

23,200 

21,800 

19,400 

17,000 

15,000 

13,000 

46* 

56 


65,500 

61,500 

58,000 

54,500 

48,500 

42..500 

37,500 

42,.500 


.57* 

Section C 

4,400 

4,200 

3,900 

3,700 

3,200 

2,900 

2,600 

2..300 

41 

51 


8,100 

7,600 

7,100 

6,600 

5,800 

5,100 

4,500 

4,000 

42 

52 

100 to 130 

10,800 

10,100 

12,900 

0,600 

12,100 

9,000 

8,000 

7,100 

6,200 

5,400 

43 

53 

equivalent 

13,700 

11,300 

10,000 

8,900 

7,900 

7,000 

44 

54 

feet 





i 






16,200 

15,200 

14,200 

13,200 

11,600 

10,200 

9,000 

8,000 

45* 

55 


21,600 

20,200 

19,200 

18,000 

16,000 

14,200 

12,400 

10,800 

46* 1 

56 


54.000 

50,500 

48,000 

45,000 

40,000 

.35,.500 

31,000 

27,000 


.57* 

Section D 

3,900 

3,700 

3,500 

3,300 

2,900 

2,500 

2,200 

2,000 

41 

51 


6,000 

6.500 

6,100 

5,700 

5,100 

4,.500 

4,000 

3,600 

42 

52 

140 to 180 

9,300 

8,700 

8,100 

7,600 

6,800 

6,000 

5,300 

4,700 

43 

53 

equivalent 

feet 

11,600 

11,000 

10,400 

9,800 

8,700 

7,700 

6,800 

6,000 

44 

54 

13,800 

13,000 

12,200 

11,400 

10,200 

9,000 

8,000 

7,200 

45* 

55 


18.600 

17,400 

16,200 

15,200 

13,600 

12,000 

10,600 

9,400 

46* 

56 


46,500 

43,500 

40,500 

38,000 

34,000 

.30,000 

26,500 

23,500 


.57* 

Section K 

3,300 

3,100 

2,900 

2.700 

2,500 

2,200 

1,900 

1,700 

41 

51 


5,700 

5,400 

5,100 

4,8(M) 

4,300 

3,800 

3,400 

3,0(K) 

42 

52 

100 to 250 

7,800 

7,300 

6,900 

6,500 

5,700 

5,000 

4,400 

3,900 

43 

53 

equivalent 

feet 

9,700 

9.100 

8,600 

8,100 

7,300 

6,500 

5,800 

5,100 

44 

54 

11.400 

10,800 

10,200 

9,600 

8,600 

7,600 

6,800 

6,000 

45* 

55 


15,600 

14,600 

13,800 

13,000 

11,400 

10,000 

8,800 

7,800 

46* 

56 


39,000 

36,500 

34,500 

32,500 

28,500 

25,000 

22,000 

19,500 


.57* 

For insulated 

Col¬ 

Col¬ 

Col¬ 

Col¬ 

Col¬ 

Col¬ 

For ducts that are completely insu- 

ducts 

umn a 

umn h 

umn c 

umn d 

umn e 

umn/ 

lated with J in. thick insulation from 


1 to 

9 ft 

10 to 
17 ft 

18 to 
24 ft 

25 to 
34 ft 

35 to 
54 ft 

.55 to 
74 ft 

bonnet to boot, use these cobimu 
headings 


* Use these items only when the building construction, or capacity rc(iuirements, necessitates 
the use of two adjoining stacks or floor registeis. 

These tables are for use in sizing both the warm-air and the return-air branches. 

Frictional resistances and temperature drops in ducts have both been accounted for in these tables. 
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TABLE 45 

Capacity Tables For Forced-Circulation, Warm-Air and Return-Air 
Branches, Second Story 


Actual Length from Bonnet to Boot or from lletiirn 
Plenum to Boot, Ft 


For Uninsii- 
lated Metal 
Ducts 

1 to 

7 ft 

8 to 

12 ft 

13 to 
17 ft 

18 to 
24 ft 

25 to 
34 ft 

35 to 
44 ft 

45 to 
54 ft 

55 to 
64 ft 

Warm-Air 
Combina¬ 
tion 

Number 

Return- 
Air Com¬ 
bination 
Number 


Col¬ 
umn a 

Col¬ 
umn h 

Col¬ 
umn c 

Col¬ 
umn d 

Col¬ 
umn € 

Col¬ 

umn/ 

Col¬ 
umn ij 

Col¬ 
umn h 



Section A 

6,300 

5,700 

5,200 

4,800 

4,100 

3,500 

3.100 

2,800 

41 

51 


10,900 

10,000 

9,200 

8,500 

7,300 

6,400 

5.600 

5 000 

42 

52 

40 to 69 

14,000 

13,000 

12,100 

11,400 

10 000 

8,800 

7.800 

6,800 

43 

53 

equivalent 
feet for 
fittings 

17,000 

15,900 

14,900 

13,900 

12,400 

11,100 

9,900 

9,000 

44 

54 

21,800 

20,000 

18,400 

17,000 

14,COO 

12,800 

11,200 

10.000' 

45* 

55 

and 

28,000 

26,000 

24,200 

22,400 

20,000 

17,600 

15,600 

i:’.6(KJ| 

4<>* 

56 

register 

70,000 

65,000 

60,500 

57,000 

50,000 

44,000 

39,000 

34 OOOl 


57* 

Section B 

5,000 

4,600 

4.300 

4,000 

3.400 

3,000 

2,700 

2.300 

41 

51 


9,000 

8,200 

7,600 

7,100 

6,200 

5,400 

4,700 

4,200 

42 

52 

70 to 99 

11,900 

11,000 

10,300 

9,600 

8.400 

7,500 

6,700 

6.000 

43 

53 

eciuivalent 

14,800 

13,900 

13,000 

12,200 

10,800 

9,600 

8,500 

7,500 

44 

54 

feet 







18,000 

16,400 

15,200 

14,200 

12,400 

10,800 

9,400 

8,400 

45* 

55 


23,900 

22,000 

20,600 

19,200 

16,800 

Y5,000 

13,400 

12,000 

46* 

56 


59,500 

55,000 

51,500 

48,000 

42,000 

37.500 

33,500 

30,000 


57* 

Section C 

4,100 

3,800 

3,600 

3,400 

2,900 

2,600 

2,.300 

2,000 

41 

51 


7,400 

6,900 

6,400 

6,000 

5,200 

4,600 

4,000 

3,600 

42 

52 

100 to 139 

10,000 

9,300 

8,700 

8,100 

7,100 

6,200 

5,500 

4,800 

43 

53 

equivalent 

feet 

12,500 

11,600 

10,800 

10,100 

9,000 

8,000 

7,200 

6,500 

44 

54 

14,800 

13,800 

12,800 

12,000 

10,400 

9,200 

8,000 

7,200 

45* 

55 


20,000 

18,600 

17,400 

16,2(M) 

14,200 

12,400 

11,000 

9,600 

46* 

56 


50,000 

46,500 

43,500 

40,500 

35,500 

31,000 

27,500 

24,000 


.57* 

Section D 

3,700 

3,400 

3,100 

2,900 

2,600 

2,200 

2,000 

1,800 

41 

51 


6,500 

6,000 

5,600 

5,300 

4,700 

4,100 

3,700 

3,300 

42 

52 

140 to 189 

8,600 

8,000 

7,500 

7,000 

6,100 

5,400 

4,800 

4,300 

43 

53 

equivalent 

feet 

10,900 

10,100 

9,400 

8,800 

7,800 

6,900 

6,100 

5,400 

44 

54 

13,000 

12,000 

11,200 

10,600 

9,400 

8,200 

7,400 

6,600 

45* 

55 


17.200 

16,000 

15,000 

14,000 

12,200 

10,800 

9,600 

8,600 

46* 

56 


43,000 

40,000 

37.500 

35,000 

30,500 

27,000 

24,000 

21,500 


57* 

Section E 

3,200 

2,900 

2,700 

2,500 

2,200 

1,900 

1,700 

1,500 

41 

51 


5,500 

5,200 

4,800 

4,400 

3,900 

3,400 

3,100 

2,800 

42 

52 

190 to 250 

7,300 

6,800 

6,300 

5,900 

5,100 

4,500 

3,900 

3,500 

43 

53 

equivalent 

9,100 

8,500 

7,900 

7.500 

6,600 

5,900 

5,200 

4,700 

44 

54 

feet 












11,000 

10,400 

9,600 

8,800 

7,800 

6,800 

6.200 

5,600 

45* 

55 


14,600 

13,600 

12,600 

11,800 

10,200 

9,000 

7,800 

7,000 

46* 

56 


36,500 

34,000 

31,500 

29,500 

25,500 

22,500 

19,500 

17.500 


57* 

For insulated 

Col¬ 

Col¬ 

Col¬ 

Col¬ 

~C^ 

Col¬ 

Col¬ 

For ducts that are completelu 

ducts 

umn a 

umn b 

umn c 

umn d 

umn e 

umn/ 

umn g 

insulated with \ 

in. thick in- 


1 to 

9 to 

15 to 

21 to 

28 to 

43 to 

55 to 

sulation from bonnet to boot, 


8 ft 

14 ft 

20 ft 

27 ft 

42 ft 

54 ft 

70 ft 

use these column heading 


* Use theee items only when the building construction, or capacity requirements, necessitates the 
ISO of two adjoining stacks or floor registers. 

These tables are to use in sizing both the warm-air and the return-air branches. 

Frictional resistance and temperature drops in ducts have both been accounted for in these tables. 
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TABLE 46 


Forced-Circulation Warm-Air Duct Systems, Combinations of Parts 

Selected as Standard 




Branch-Pipe 
Size, In. 

lieKister Size, In. 

Required 
Increase 
of Width 
of Trunk 
Duct, 
In. 

Combi¬ 

nation 

Num¬ 

ber 

Stack 

Size, 

In. 

Rouml 

1 

1 

Rec¬ 

tangular 

Baseboartl ' 
or i.(Ow 

Sidewall 

lliKh 1 

For Throws 
Less Than 
13 Ft 

Sidewall 

For Throws 
More Than 
13 Ft 

Floor 

ReKisters* 

1 

2 

3 

4 

.j 

6 

7 

8 

9 

41 

10 X 3l- 

6 

4X8 

10 X 6 

10 X 6 1 

..... . 1 

10 X 4 

8 X 10* 

1 

42 

10 X 3i 

6 

4X8 

10 X 6 

10 X 6 

10 X 4 

8 X 10* 

2 

43 

12 X 3} 

7 

5X8 

12 X 6 

12X6 

12X4 

9 X 12* 

3 

44 

14 X 3l- 

8 

6X8 

14 X 6 

14 X 6 

14 X 4 

9 X 12* 

or 

longer 

4 

45 

10 X 3} 

(2 slacks) 

0 

8X8 

(2) 10 X 6 

or 

(1) 24 X 6 

(2) 10 X 6 

or 

(1) 24 X 6 

(2) 10 X 4 
or 

(1) 24 X 4 

10 X 12* 

6 

46 

12 X 3l 
(2 stacks) 

10 

10 X 8 

(2) 12 X 6 
or 

(1) 30 X 6 

(2) 12X6 

or 

(1) .30 X 6 

(2) 12 X 4 

or 

(1) 30 X 4 

12 X 14* 

7 


* Use these items only when the building construction or capacity requirements necessitate the 
use? fjf floor registers. The sizes listed for floor registers correspond to the standard sizes for gravity 
warm-air furnace systems, except for the sizes of the floor box collars. The use of standard blind 
lajxes is suKKested. 

doterniinod the warm-air trunk ducts may be sized in all their parts 
as follows: 

а. Assume that the most remote branch duct is the end of the 
trunk to which it is attached. 

б. The trunk width increases between the discharge end and the 
furnace air outlet. After the duct juncture with each branch 
the amount of width increase is as shown by item 11 of Table 
43. For example, the most remote section of the longest 
trunk duct used in the plan of Fig. 72 is 4 X 8 in., which is 
the branch-duct size required to serve the dining room. The 
branch duct serving the den calls for a 1-in. extension in the 







Warm air 
Return air 
35 equiv. ft 



eOequiv. ft 


Group 2 Angies and elbows for trunk ducts (inside radius ^ width of duct) 

_ Not recomm ended 

^ - ^.<d\ 


Width, 

4 to 15 * Sequiv.ft 
16''to27>10 
aS-toAl'lS 
42“to52-20 
53''to64*=25 


5 equiv. ft 


V^idth 

4*toir*10 equiv. ft 
12*to2i:=15 
22'to27"=20 
28"to33*-25 
34"to42''=30 
43''to51''=40 
52''to64"=50 


Width 

4"to 6" =20 equiv. ft 
7;toll* =40 
12" to 15" =55 
16;to21"=75 
22"to27=100 
28"to33''=125 
34"to42"=150.T.. 


4 toll"-15equiv. ft 
I2*to21'=20 
22''to27"*25 
28''to42''=40 



SOequiv. ft 35equiv. ft GOequiv. ft 45 equiv. ft 70equiv. ft 45equiv. ft 30equiv. 1 


35equiv. ft 5equiv. ft 10equiv. ft ISequiv. ft 35 equiv. ft 5( 


Fig. 73a. Equivalent lengths of fittings. 
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Group 6 Stack angles, eibowSi and combinations 




Sequiv. ft lOequiv. ft 25equiv.ft lOequiv. ft JO^Width-lSequiv. ft 

12 *15 


10;Width.4^equiv.ft Wequiv. ft ^ 

14' =55 




115 equiv. ft 


25equiv. ft 



10}<3V'=55 equiv. ft lO'kSr =75 equtv. ft 
12V3r=65 12"x3i"=85 

14V3V=70 14V3i''=90 






lOequ... ft 


85 equiv. ft 



Group? Registers (including losses in stackhead and velocity pressure) 

..^cx -I 


I “ 

“ equiv. ft 
Floor register 
and box only 


Equivalent length for registers 


Deflection angle a 

0° 

15° 

22° 

0 

O 

CO 

45° 

Baseboard, high or low 
sidewall register, equiv. ft 

35 

40 

45 

60 

115 

Floor register with 
box only, equiv. ft 

25 






and multiply by 0.7. Select closest angle a in table. 


Fia. 736. Equivalent lengths of fittings. 
1Q1 
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trunk width, so the trunk dimensions immediately upstream 
from the juncture with this branch are 5 X 8 in. In a similar 
manner the width of the trunk is increased by the proper 
amount upstream from each point where a branch is attached. 
In the layout of Fig. 72, the duct between the junction of 
the two trunk ducts and the furnace is considered as an 
extension of the 16-in.-wide plenum chamber. 

10. Note the location of return-air registers on first- and second-floor 
plans, and fill in items 1 and 2 in a table having the form of Table 47. 

11. Enter as item 3 the total heat loss from the space or spaces to 
be served by each return-air intake. 

12. From the basement plan of the system, determine the actual 
length from each return-air register or stack tn th* re turn-air plenum, 
and enter these data as item 4 in the same table. 

13. From Fig. 73 determine the equivalent length of the fittings only 
in each part of the return-air system, and enter jis item 5 in the table. 
The equivalent length of each of the fittings in the path of the return 
air which enters the system through the register located in the dining 
room is as follows: return intake to stud space, 6c Fig. 73, 25 ft; con¬ 
nection between stud space and lined joist space, 65 Fig. 73, 25 ft; 
(u)nnection between lined joist space and trunk duc^t, 6a Fig. 73, 
40 ft; two elbows in return air trunk, 25 Fig. 73, each 10 ft; con¬ 
nection between return-air trunk and return-air plenum, assumed 
to be equivalent to If Fig. 73, 35 ft; and the elbow at the bottom of 
the plenum which directs the air into the lower part of the furnace, 
assumed to be equivalent to 2/ Fig. 73, 10 ft; total equivalent length 
of all fittings 155 ft. In a similar manner the equivalent length 
of the fittings in each branch of the return-air system of Fig. 72 was 
determined and the amounts listed as item 5 in Table 47. 

14. With the data given in items 2, 3, 4, and 5 of a table similar to 
47 and using either Table 44 or Table 45 determine the number of the 
proper return-air combination for serving each return-air intake, and 
enter as item 6 in the table. 

15. Using the combination number from step 14, fill in items 7, 
8, 9, 10, and 11 in the form of Table 47 by referring to the proper line 
in Table 48. 

16. After a table such as Table 47 has been completed, the return- 
air trunk ducts may be sized by the employment of the same procedure 
that was used in step 9 for sizing the warm-air trunks. However, it 
is not necessary to change the size of a return-air trunk duct between 
adjacent branches feeding into it. It is often possible to simplify 



Work Sheet Illustrating the Method Used in Sizing the Return-Air Ducts for the Plan of Fig 72 

. Location of intake North i South ^ Bedroom Bedroom West East Bedroom Den Dining Fresh-Air 
of Living of Living 1 3 Hall* Hall* 2 Intakef 

!. Story 1 1 2 2112 2 1 Basement 
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to 1-1 
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o5 ffl ^ 5 


t Depths shown in table are minimum, use full depth of joist spaces. 
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TABLE 48 

Forced-Circulation Warm-Air Return-Duct Systems, Combinations of 
Parts Selected as Standard 


Com¬ 

bina¬ 

tion 

Num¬ 

ber 

Return-Air 
Intake 
Size, In. 

Riser 
Size in 
Inches 

Branch Pipe 
Size, In. 

When Joist Lining 

Is Used,t Number 

Required 
Increase 
in Width 

Base¬ 

board 

Floor * * * § 

Where 
Stack Is 
Used in 
Stud 
Space 

Round 

Rec¬ 

tangu¬ 

lar 

of Joist Spaces 
Lined and Minimum 
Depth of Space 
Required 

of Trunk 
Duct, for 
8-In. 
Depth of 
Duct, In. 

1 

2 

3 

4 

5 

6 

7 

8 

51 

10 X 6 

6 X 10 

or 

4 X 14 

10 X 3it 

■ 

4X8 

1 space of 3-in. depth 

1 

52 

10 X 6 

6 X 10 
or 

4 X 14 

10 X 


4X8 

1 space of 3-in. depth 

2 

53 

12 X 6 

6 X 12 

or 

6 X 14 

12 X 3i§ 

■ 

5X8 

1 space of 4-in. depth 

3 

54 

14 X 6 

6 X 14 

14 X 3i| 

8 

6X8 

1 space of 5-in. depth 

4 

55 

24 X 6 

or 

30 X 6 

6X 30 

Two 
stacks ! 

10 X 3it 

9 

8X8 

1 spa(!e of 6-in. depth 
or 2 spaces of 3-in. 
depth 

6 

56 

30 X 6 

6 X 30 

Two 
stacks 1 
12 X 3i§ 

10 

10 X 8 

1 space of 7-in. depth 
or 2 spaces of 4-in. 
depth 

7 

57 


8 X 30 


12 

15 X 8 

1 space of 9-in. depth 
or 2 spaces of 5-in. 
depth 

11 


* Use these items only when building construction, or capacities, requires the 
use of floor intakes. The sizes listed correspond to standard sizes for gravity 
installations, except floor box collars. The use of standard blind boxes is 
suggested. 

t Based on 14-in. space between joists. Use full depth of joist, except when 
joist depth is less than minimum depth required, in which case a drop pan must 
be used. This may occur when two or more return ducts are connected to the 
same joist space. 

t If it is desired to use 14-in. X 3f-in. stud space, it makes no difference whether 
this space has protruding keys or not. 

§ If it is desired to use 14-in. X 3^in. stud space, the plaster base must be 
smooth, without any protruding plaster keys to interfere with the flow of air. 
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the construction by continuing a trunk duct at a uniform size past the 
junction with two or more branches. Where the dimensions are not 
changed, the duct size used must be that which is required at the end 
handling the greater volume of air. In the system of Fig. 72 the most 
remote section of the longest return-air trunk was sized as follows: 
The most remote branch which serves the dining room is a combination 
52, which requires a branch size 4X8 in., and this is the required size 
of the trunk at the point where it receives the air from the joist space 
used to conduct it from the register and stud space. The branch from 
the den is combination 51, which r /quires a 1-in. extension of the trunk 
width, and the branch from bed'oom 2 is combination 52, which calls 
for a 2-in. extension. The required trunk width downstream from 
the juncture with the branch serving bedroom 2 is therefore 4+1+2 
= 7 in. To facilitate fabrication, the trunk dimensions are specified 
as 7 X 8 in. from the m.^st remote end to a point upstream from the 
junction with the branch from the east hall. At this point the width 
is increased 2 in. in one step to accommodate the flow from the other 
two branches. 

17. Select a furnace having a register delivery rating in Btu per 
hour which is equal to the sum of the heat losses from all of the rooms 
to be heated. As for a gravity-flow system, selection of a furnace on 
this basis will result in the installation of a furnace having some reserve 
capacity. 


TABLE 49* 


Suggested Minimum Blower Size For Separate Blower Installations 






Select Speed 


Minimum 

Minimum 


to Secure 


Blower Wheel 

Motor 

Required 

Static § Pres¬ 

Total Heat Losses, 

Diameter, t 

Size,t 

Air Delivery, 

sure of, In. of 

Btu per Hr 

In. 

Hp 

Cfm 

Water 

1 

2 

3 

4 

5 

Up to 40,000 

9 

1 

w 

520 

1 

40,000 to 60,000 

9 

i 

700 

f 

60,000 to 80,000 

10 

i 

950 

3 

¥ 

80,000 to 120,000 

12 

T 

1400 

3 

¥ 

120,000 to 150,000 

14 

i 

1770 

1 


* This table applies only to installations in which the blower is selected separately 
from the furnace. It does not apply to packaged units in which the blower is 
integrally assembled with the furnace. 

t Based on multi-blade, forward-curved blade, double-width, double-inlet type, 
or equivalent. 

t A long-hour duty type of motor is required. 

§ Blower speeds should be adjustable approximately 10 per cent faster and 10 
per cent slower than the speed required to maintain the listed static pressures. 
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18. If the blower is not furnished by the furnace manufacturer, 
'Fable 49 may be used as a guide in the selection of a fan. 


Corrugated Tiny 
Inner Lining 

Sheet Asbestos 

Fire Dome'^ 



-Vcipor Pan 


Corrugated, 

Fire Pot 

Grate Bars' 

Ash Pit 

Fig. 74. Pipeless warm-air furnace. 

142. Pipeless Warm-Air Furnaces. Installat ions of single-pipe or 
pipclcss furnaces have a limited field in small residences with a single 
floor and in buildings with open spaces as stores and small churches. 

The furnace illustrated, 
Fig. 74, has separate inner 
and outer casings and a 
register common to both 
the supply and return air 
connections. The return 
air enters the outer portion 
of the grille and flows 
downward between the cas¬ 
ings to the bottom of the 
inner lining. The air then 
passes upward through the 
inner casing to move over 
the heating surfaces of the 
furnace. The warmed air 
leaves the furnace through 
a very short vertical duct leading to the floor register where it enters the 
room through the central portion of the floor register. The supply and 



Fig. 75. Three-way gravity warm-air furnace. 
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return connections beneath the grille are entirely separated. Instal¬ 
lations are also made with separate outlet and return connections as 
in Fig. 75. 

Most commercial furnaces can be installed as pipeless units if the 
casing is properly designed. The important item in casing design is 
the return of cool air to the bottom of the casing without its being 
appreciably warmed. Warming the return air before it enters the 
inner casing reduces the motive head of the plant. Those furnaces 
having a single warm-air outlet, and the form of cold-air returns of 
Fig. 75 function somewhat better than those arranged in the manner 
illustrated by Fig. 74. 

The first costs of installation are lower than for a piped furnace, and 
operating costs are about the sri,me. Difficulty may be encountered in 
the maintenance of uniform temperature conditions owing to limited 
air circulation in the heated space, and also there is a tendency toward 
excessive stratification of the air in the space into which the warmed 
air is introduced. 

143. Floor Furnaces. A special type of pipeless warm-air furnace, 
known as a floor furnace, is used extensively for heating one-story 
houses, built without base¬ 
ments, in certain sections of 
the country. Oil and gas are 
the common fuels used with 
floor furnaces which are sot in 
floor openings, as near as possi¬ 
ble to the center of the floor 
area of the space to l)e heated 
(see Fig. 76). One large regis¬ 
ter at the top of the unit pro¬ 
tects its top. The principle of 
air circulation is the same as 
in the pipeless furnace of Fig. 

74. The products of combus¬ 
tion are conducted through a 
smokepipe, located in a crawl 
space below the floor, to a 
chimney. 

Floor furnaces are lower in first cost than any other type of warm-air 
furnace installation and may provide satisfactory heating of small 
homes in which all the rooms to be warmed are interconnected at all 
times. Two or more furnaces may be used for heating a home when 
the rooms are arranged in such a manner that they cannot be success¬ 
fully heated with a single unit. 
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144. Current Research in Warm-Air Heating. Work in warm-air- 
heating research is now being continued in the Research Residence and 
in the Mechanical Engineering Laboratory at the University of Illinois, 
and it appears likely that changes may be made in both the gravity- 
and forced-circulation codes as a result of it. Figure 77 is a layout 
of the experimental warm-air and return-air ducts being used in the 
Research Residence during the winter of 1948-1949. It may be noted 
that both the warm-air trunk duct and the return-air trunk duct are 



Fig. 77. Extended-plenum warm-air furnace system, Warm Air Heating Research 
Residence, Urbana, Illinois. 

the same width and depth throughout their length. The system shown 
has performed satisfactorily in all types of weather, and it appears 
that this type of trunk duct may in time be adopted as standard by 
the National Warm Air Heating and Air Conditioning Association. 
Although a slightly greater amount of sheet metal is required in the 
fabrication of the extended-plenum type of trunk duct its use results 
in a considerable saving in labor and a reduction in cost. A view of 
a section of the warm-air trunk is shown in Fig. 78. Also shown in this 
picture is the bottom of a horizontal section of the return-air trunk, 
the vertical return-air plenum extending to the bottom of the furnace 
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casing, the smoke pipe including the draft hood, and a new type of 
molded flue which is being used in place of a brick chimney. 

A laboratory study is being made of many different types of trunk 
take-off fittings, other than those shown in. Fig. 73. A new line of 
fittings is being developed which is designed for attachment to a hole 
cut in the side or in the top of a trunk duct of the extended-plenum 
type. Three side take-off fittings are shown in Fig. 78. It may be 
noted that the fittings shown terminate in the required stack dimen¬ 
sions rather than in the branch dimensions, thus eliminating one 



Fig. 78. I'urnacc as actually installed in the warm-air system shown in Fig. 77. 

transition fitting which is required when the installation is made 
according to the code now in effect. Side and top take-off fittings are 
also being developed which will terminate in the proper round dis¬ 
charge opening to permit the use of lower-cost round pipe in the branch 
duct. Use of round pipe in the branch duct would necessitate the 
use of a more expensive boot, but if the length is unusually great the 
saving in duct cost might more than compensate for the increase in 
the cost of the boot. 


PROBLEMS 

1. A gravity-flow warm-air steel furnace designed for hand-fired operation with 
coal as a fuel has a bonnet rating of 121,850 Btu per hr. The firepot has straight 
sides and a diameter of 22 in. inside its lining. Find: (a) the ratio of the heating 
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surface to the grate area, (6) the rating on the basis of register output, and (c) 
a possible rating in terms of square inches of leader cross-sectional area. 

2. A cast-iron furnace suitable for gravity-flow warrn-air heating has a firepot 
diameter of 26 in., a grate area of 2.38 sq ft, a heating surface of 45.9 sq ft, and a 
rating of 106,800 Btu per hr output at its bonnet. Find all possible ratings for both 
hand and automatic firing. 

3. A gravity-flow warm-air furnace plant has a grate area of 2.38 sq ft and 
operates with an average equivalent register air temperature of 175 F. The 
bituminous coal used has a heating value of 11,230 Btu per lb as fired. Ccalculate 
the bonnet capacity of the furnace in Btu per hr. What percentage is this value of 
the manufacturer’s rating of 116,800 Btu per hr? Base calculations on data from 
Fig. 55, and note that the grate areas of the two furnaces are different. 

4. A second-floor room having heat losses of 9850 Btu per hr is to be served 
by a single gravity-flow warm-air furnace leader having a length of 8 ft and three 
elbows. Under the conditions of operation the leader is assumed to have a heat¬ 
carrying capacity of 167 Btu per hr per s<i in. of cross-scct’i nal area and the stack 
which serves it has a section equal to 75 per cent of the insta lled leader area. Find 
the size of required leader and stack by two methods, and compare the results. 

6 . A mechanical warm-air system is to supply 125,000 Btu per hr at tlu^ bonnet 
when operating with bituminous coal having a heating value of 10,450 Btu per 
lb as fired. If the equivalent register air temperature is to be 110 F, what grate 
area in square feet is necessary? How many pounds of coal will be burned per 
hour (see Fig. 56)? 

6. Using heat losses 100 per cent greater than those stated in Fig. 66, find the 
sizes of the component parts of a gravity-flow warm-air furnace system for the 
building shown. 

7. A structure having an occupied space of 16,000 cu ft is to be maintained at 
a dry-bulb temperature of 72 F with a corresponding wet-bulb temperature of 
57 F when the outside-air temperature is 35 F and its relative humidity is 40 ptir 
cent. The barometric pressure is 29.92 in. of mercury. What weight of water 
vapor must be supplied per hour to maintain the required conditions when oiu' 
change of air occurs each hour? 

8 . The furnace of problem 2 is to be converted to the use of gas, having a heating 
value of 1000 Btu per cu ft under standard conditions. Find the possible bonnet 
and register ratings of the furnace when used in a mechanical warm-air furnace 
plant. 

9. A gas-fired mechanical warm-air furnace requires 180 cu ft per hr of fuel 
of 1000 Btu per cu ft to deliver 2020 cfm of air with a temperature rise of 70 F. 
The register output is stated to be 129,600 Btu per hr. (a) Find the overall 
efficiency of the furnace based on the probable output at its bonnet, (h) If the 
barometric pressure is 29.92 in. of mercury at what temperature are the 2020 cfm 
of air measured to give the calculated bonnet output? 

10. The mechanical warm-air furnace system of Fig. 72 is to be installed in a 
residence of the same size and floor plans. However, the building construction 
and weather exposure arc such that its heat loss(;s are three times those shown in 
the example. Calculate the requirements of the plant in regard to all parts of the 
system. 



CHAPTER 7 


RADIATORS, CONVECTORS, AND BASEBOARD HEATING 

UNITS 

146. Heat-Dispersal Units. Whon the fluids water and steam are 
used to convey heat from one location to another, surface areas warmed 
by the media mentioned are reqi**fed to facilitate its release to the air 
and objects of spaces to be served. Certain assemblages of parts, 
which confine the fluids and which have external areas for heat emis¬ 
sion, are termed either radiators or convectors. 

146. Radiators. Such devices may be classified as direct, indirect, 
and direct-indirect units. Direct radiators arc placed in the room to be 
heated; they transmit heat both by radiation and convection to objects 
heated. Indirect radiators are placed without the space to be heated; 
they deliver heat to air moving over them so that radiant heat is not 
delivered directly into the spac^e to be heated by them. The heated air 
moves from indirect-radiator surfaces to the room to be heated. As a 
matter of fact, indirect radiators are a type of convector, although they 
are not generally classed as such. Direct-indirect radiators have sec¬ 
tions which are exposed to view and also sections that are so enclosed 
as to make them indirect units. The housing, about the enclosed 
sections, has openings and damper arrangements at its bottom. Fresh 
air for ventilation purposes may be brought from the outside by a duct 
extending through the outside wall and then allowed to pass upward 
over the enclosed surfaces. The ventilating air is presumably warmed 
to a satisfactory temperature during its flow over the indirect areas. 
Provision may also be made for the circulation of room air over the 
indirect surfaces when the outside-air supply is shut off. 

147. Direct Radiators. Many forms of direct radiators have been 
built and exist in present-day heating plants. Those radiators of 
commercial importance today are small-tube cast-iron, wall, cal^inet, 
pipe-coil, finned pipe and baseboard units. Coils of various forms are 
built up with either steel or wrought-iron pipe and branch-tree headers. 
The other direct radiators mentioned are usually assemblages of cast- 
iron sections. Non-ferrous materials such as copper are little used 
in the construction of direct radiators alone. 

148. Tubular Radiators. The manufacture of column and the 
larger tubular radiators has been discontinued. Because of its 
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TABLE 50 

Small-Tube Direct Cast-Iron Radiators—Widths, Heights, and 
EDR Surfaces* 




Three- 

Tube 

Four-Tube 

Five-Tube 

Six-Tube 



Heat- 








f 



ing Sur- 

Heating Surface 

Heating Sur- 

Heating Surface, 

Number 

Length 

face. 


Sq Ft 


face. Su Ft 


Sq Ft 


of 

li In.t 

Sq Ft 









Sections 

Per Sec 












25-In. 

19-In. 

22-In. 

25-In. 

22-In. 

26-In. 

19-In. 

25-In. 

32-In. 



Height 

Height 

Height 

Height 

Height 

Height 

Height 

Height 

Height 



1.6 Sq 

1.6 Sq 

1.8 Sq 

2.0 Sq 

2.1 Sq 

2.4 Sq 

2.3 Sq 

3.0 Sq 

3.7 Sq 



Ft per 

Ft per 

Ft per 

Ft per 

Ft per 

Ft per 

Ft per 

Ft per 

Ft per 



Sec 

Sec 

Sre 

Sec 

Sec 

Sec 

Sec 

Sec 

Sec 

2 

3i 

3.2 

3.2 

3.6 

1 

4.0 

4.2 

1 4 S 

4.6 

6.0 

7.4 

4 

7 

6.4 

6.4 

7.2 

8.0 

8.4 

9 6 

9.2 

12.0 

14.8 

0 

101 

9.6 

9.6 

10.8 

12.0 

12 6 

14.4 

13.8 

18.0 

22.2 

8 

14 

12.8 

12.8 

14.4 

16.0 

16.8 

19 2 

18.4 

24.0 

29.6 

10 

m 

16.0 

16.0 

18.0 

20.0 

21.0 

24.0 

23.0 

30.0 

37.0 

12 

21 

19.2 

19.2 

21.6 

24.0 

25.2 

28.8 

27.6 

36.0 

44.4 

14 

241 

22.4 

22.4 

25.2 

28.0 

29.4 

33.6 

32 2 

42.0 

61.8 

16 

28 

25.6 

25.6 

28.8 

32.0 

33.6 

38.4 

36.8 

48.0 

59.2 

18 

311 

28.8 

28.8 

32.4 

36.0 

37.8 

43.2 

41.4 

54.0 

66.6 

20 

35 

32.0 

32.0 

36.0 

40.0 

42.0 

48.0 

46.0 

60.0 

74.0 

22 

381 

35.2 

35.2 

39.6 

44.0 

46.2 

62.8 

50.6 

66.0 

81.4 

24 

42 

38.4 

38.4 

43.2 

48.0 

50.4 

57.6 

66.2 

72.0 

88.8 

26 

451 

41.6 

41.6 

46.8 

52.0 

54.6 

62.4 

69.8 

78.0 

96.2 

28 

49 

44.8 

44.8 

50.4 

56.0 

58.8 

67.2 

64.4 

84.0 

103.6 

30 

521 

48.0 

48.0 

54.0 

60.0 

63.0 

72.0 

69.0 

90.0 

111.0 

32 

56 

51.2 

51.2 

57.6 

64.0 

67.2 

76.8 

73.6 

96.0 

118.4 

34 

591 

54.4 

54.4 

61.2 

68.0 

71.4 

81.6 

78.2 

102.0 

125.8 

36 

63 

57.6 

57.6 

64.8 

72.0 

75.6 

86.4 

82.8 

108.0 

133.2 

38 

661 

60.8 

60.8 

68.4 

76.0 

79.8 

91.2 

87.4 

114.0 

140.6 

40 

70 

64.0 

64.0 

72.0 

80.0 

84.0 

96.0 

92.0 

120.0 

148.0 

42 

731 

67.2 

67.2 

75.6 

84.0 

88.2 

100.8 

96.6 

126.0 

155.4 

44 

77 

70.4 

70.4 

79.2 

88.0 

92.4 

105.6 

101.2 

132.0 

162.8 

46 

801 

73.6 

73.6 

82.8 

92.0 

96.6 

110.4 

105.8 

138.0 

170.2 

48 

84 

76.8 

76.8 

86.4 

96.0 

100.8 

115.2 

110.4 

144.0 

177.6 

no 

871 

80.0 

80.0 

90.0 

100.0 

105.0 

120.0 

115.0 

150.0 

185.0 

52 

91 

83.2 

83.2 

93.6 

104.0 

109.2 

124.8 

119.6 

156.0 

192.4 

54 

941 

86.4 

86.4 

97.2 

108.0 

113.4 

129.6 

124.2 

162.0 

199.8 

56 

98 

89.6 

89.6 

100.8 

112.0 

117.6 

134.4 

128.8 

168.0 

207.2 

58 

1011 

92.8 

92.8 

104.4 

116.0 

121.8 

139.2 

133.4 

174.0 

214.6 

60 

105 

96.0 

96.0 

108.0 

120.0 

126.0 

144.0 

138.0 

180.0 

222.0 

Distance from floor 





m 





to center of top 










tapping 

. in. 

23 J 

171 

201 

231 





30 H 

Distance 

from floor 










to center of hot- 










tom tapping, in. 


21 

21 

21 

2| 

21 

2i 

2i 

2i 


* National Radiator Company. 

t Add I in. to lenRth of all radiators for each bushing. 

Width of^ sections, three-tube, 3i-in.; four-tube, 4A-ln.; five-tube, 6J-in.; six-tube, 7J-in. 
Width at feet is the same as width of section. 

TappinRs. Three, four, and five-tube radiators are tapped li-in. at bottom both ends and 
1-in. top, both ends. Six-tube tapped l^-in. bottom both ends, ll-in. top both ends. 

Can be furnished lefcless or witn legs 4|-in. from floor to center of bottom tappinR when ordered. 
To determine overall height of three-tube, four-tube, or five-tube legless radiator, deduct If in. 
from the standard heights. For six-tube deduct li in. 

Radiators are not furnished in lengths exceeding 78 sections. 
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appearance, space requirements, and efficiency the small or junior- 
size tubular radiator, as shown by Fig. 79, is now the common unit. 
Commercial sections of this form of radiation 
are standardized as to heights, number of tubes, 
rated surface edr (equivalent direct radiation), 
linear length, and limits for the actual width of 
the sections. Table 50 includes data for tubular 
radiators, as built by one manufacturer, which 
conform to the accepted requirements. 

Standardization dimensions placed on actual 
section widths range between the following 
minimum and maximum limits: 3-tube, 3^ to 
3^; 4-tube, 4^ to 4^f; 5-tubc, to 6y\; and 
6-tube, to 8 in. The radiators listed in 

Table 50 have widths between the foregoing 
values. 

The required amount of surface in equivalent 
direct radiation, edr. Art. 150, in any radiator 
may be secured by fastening together a sufficient Yiq, 79. Tubular 
number of sections of the necessary height and radiator, 

width. The usual scheme of connecting the 
sections is by either malleable-iron screw or push nipples. Fig. 80. 
Details of the use of push nipples are shown in Fig. 81. Screw 




Fia. 80. Radiator nipples. Fig. 81. Use of push nipples in a 

radiator. 


nipples require tapered threaded tappings in the radiator sections and 
do not necessitate the use of rods with nuts to hold them together. 

The sections are further classified as loop and leg. The latter, of 
course, rest upon the floor, and the height of the radiator is based upon 
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the nominal overall height of the leg sections. The loop sections are 
assembled between the leg sections and are listed as having the height 
of the leg sections with which they are used. Formerly radiators were 
also designated as steam and hot-water types. Steam-radiator sec¬ 
tions are fastened together by nipples at their bottoms only. Such 
radiators cannot be used in hot-water heating because of the extreme 
difficulty of venting air from all the sections. Hot-water radiators 
have nipple connections between the sections at both the top and the 
bottom. Such radiators are absolutely necessary in hot-water heating 
systems where tubular units are used. As hot-water radiators may be 
used with any steam-heating system the manufacture of the steam- 
type unit has been discontinued. 

Tubular radiators may be assembled without leg sections and hung 
on concealed brackets. Information relative to t he actual lengths of 
loop sections or interior sections of the radiators listed in Table 50 is 
to be found in the footnotes of the table. Floor units may also be 
either assembled with sections having extra-high legs or used with 
pedestals. Old radiators with end sections having a bottom tapping 
for pipe connections lower than the other section bottom tappings are 
said to have low-drip hubs. 

149. Standard Temperatures for Determining Radiator Perform¬ 
ance. Definite temperature specifications are necessary in the stand¬ 
ard conditions of performance of direct radiators. Steam units are 
supplied, when rated for heat transmission, with steam at 215 F and 
are tested in a room where the air temperature, at the breathing level, 
is 70 F, thus giving a steam-air-temperature difference of 145 F. In 
all tests the radiator is to stand in practically still air Avith the air 
movement over its surfaces due to natural convection currents. As the 
velocity of air flow has such a marked influence on the radiator heat 
output, other conditions being the same, it is necessary to have all 
radiators tested under comparable conditions as regards air movement. 
The so-called still-air conditions are the easiest to reproduce. 

For hot-water radiators the temperatures are: water entering the 
radiator, 180; water leaving the radiator, 100; average temperature of 
the water in the radiator, 170; and room air, 70 F. Thus, for hot-water 
radiators, under standard conditions the average temperature differ¬ 
ence between the water and the air is 100 F. The performance of 
hot-water radiators under test conditions is difficult to determine. 
Usually the performances of hot-water radiators are estimated from 
the heat emission per square foot obtained with the same radiators 
when using steam under standard conditions. 

150. Heat Transmission of Direct Tubular Radiators. This class of 
unenclosed heat disseminator has its surface ratings, edr, sq ft of 
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equivalent direct radiation, fixed on the basis of the emission of 240 
Btu per hr per sq ft when operated with steam and 150 Btu per hi¬ 
per sq ft when operated with hot water, the usual standard conditions 
of operation, for the respective media, being maintained in each case 
when the units are rated. The output of a radiator may also be 
expressed in terms of mbh (1000 Btu per hr). 

Example. A 20-section, tubular direct cast-iron radiator gave off 24,000 Bt\i 
per hr, as determined from the weight of steam condensed. The steam was sup¬ 
plied at 215 F, and the room air temperature was 70 F with still-air conditions. 
Find the total surface in square feet at .\hich the radiator is rated, also the rating 
in scpiare feet per section. 

Solution. The rated surface or equivalent direct radiation, is 24,000 4- 240 = 
100 sq ft. The rated surface per section's 100 -r- 20 = 5 sq ft of edr. 

The radiator of the example when operated with hot water at an average tem¬ 
perature of 170 F and with the room air at 70 F will give out by the proca^sses of 
radiation and convection lOG X 150 = 15,000 Btu per hr or 15 mbh. 

161. Wall Radiators. Typical sc(*4,ions of one form of wall-type 
radiators are shown by Fig. 82. These sections may be assembled 





5A SB UB 

(Kohler Co,) 

Fici. 82. Wall-radiator sections. 


in a variety of ways by the use of suitable connecting nipples. The 
assembled units can be hung either on brackets along a wall, Fig. 83, 
or suspended under skylights or basement ceilings. The sections are 
easy to handle, and they compare favorably with pipe coils in the 
matter of heat output, Btu per hour per square foot of actual surface. 
Data pertinent to the physical dimensions and rated surface areas of 
the wall sections of Fig. 82 are given by Table 51. 
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TABLE 51 

Dimensions and Heating Surfaces of Wall Radiator Sections* 

Distance 

Between 

Horizontal Rated 

Top and Heating 




Length or 


Bottom 

Surface, 

Section 

Height, 

Width, 

Thickness, 

Tappings, 

Sq Ft 

Numbers 

In. 

In.t 

In. 

In. 

EDRt 

5A 

i2i 

13A 


9| 

5 

SB 

21| 

13t7 


18| 

8 

\\B 

* Kohler 

Company. 

13t^ 


25i 

11 


t Add in. for each bushing and ^ in. for each hexagonal nipple used in tappings. 

t Based on 240 Btu per hr per sq ft for steam and 150 fr r hr t water. 

Under fixed operating conditions, wall-radiator sections mounted 
on walls give a greater output, Btu per hour per square foot, when they 

arc assembled and placed 
on their hangers with the 
bars in a vertical rather 
than in a horizontal posi¬ 
tion. The placement of 
such sections in a horizon¬ 
tal position, beneath a ceil¬ 
ing, although favorable 
from the standpoint of 
heat transmission may lead 
to overheating of the upper- 
portion of and the under- 

Fig. 83. Wall radiator with brackets. of the lower part of 

the space so served. 

Loop or intermediate sections of small-size tubular radiators have a 
wide usage in wall mountings. Physical dimensions of loop sections 
of the radiators described in Art. 148 and their ratings, in square feet 
of equivalent direct radiation, edr, may be obtained from Table 50. 

Another form of small-tube radiator for wall mounting is of the 
form indicated by Figs. 84 and 85. The sections. Fig. 85, which are 
used have a vertical height of 24 in. and a depth of 3-^ in. The sec¬ 
tions may be assembled with horizontal-connection tappings at their 
tops and bottoms spaced a net distance apart equal to 21-^-^ in. as 
shown by Fig. 85. The rated surfaces of these radiators are based on 
the emission of 240 Btu per hr for steam and 150 Btu per hr per sq ft 
for hot-water operation. Ratings in terms of square feet of equivalent 
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tapping 

{United States 
Radiator Corp.) 

Fig. 84. 
Thiiitube wall 
radiator. 



(United States Radiator Corp.) 


t iG. 85. Dimensions of thintube wall radiator. 


TABLE 52 


Ratings and Dimensions 
Heating 


Number Surface, 


of 

Sq Ft 

A, 

B, 

Sections 

EDR 

In. 

In. 

2 

3.2 

2| 

4l 

4 

6.4 

fii 

8| 

6 

9.6 


Hi 

8 

12.8 

13^ 

15| 

10 

16.0 

16f 

18i 

12 

19.2 

20j 

22f 

14 

22.4 

CO 

25i 

16 

25.6 

m 

2!)| 

18 

28.8 

sag- 

32i 

20 

32.0 

34i 

36| 


b' Thintube Wall Radiators* 



Heating 



Number 

Surface, 



of 

Sq Ft 

A, 

B, 

Sections 

EDR 

In. 

In. 

32 

51.2 

55i 

57f 

34 

54.4 

5Si 

60^ 

36 

57.6 

62i 

64l 

38 

60.8 

65|: 

67i 

40 

64.0 

6i)i 

71| 

42 

67.2 

72| 

74i 

44 

70.4 

76i 

78| 

46 

73.6 

79| 

8li 

48 

76.8 

83i 

85f 

50 

80.0 

86f 

88i 


22 

35.2 

37| 

39i 

SqFt 

24 

38.4 

4li 

43f 

per Linear In. 

26 

41.6 

44| 

4ei 


28 

44.8 

48i 

50| 


30 

48.0 

5l| 

63i 



* United States Radiator Corporation. 


0.914 
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direct surface and physical dimensions indicated by A and B are 
included in Table 52. 

162. Cabinet Radiators. These heat disseminators are built of cast 
sections fastened together with nipples and do not require any addi¬ 
tional enclosure. The sections are so made, Fig. 86, that their edges 
butt together at the front forming a panel filled with the heating 
medium. Behind the front are cast tubes also filled with the heating 


TABLE 53 

HBATING Surfaces of United States Radiator Corporation 
Cabinet Radiator 


Number 

of 

Sections 

Length, 

In. 

Rating, Sq Ft 
EDR 1 

11 

Number 

of 

Sections 

licngtli, 

In. 

Rating, Sq F't 
EDR 

Number 

5 

Number 

6 

Number 

5 

Number 

6 

5 


9.0 

11.5 

29 

soi 

52.2 

66.7 

7 

12 

12.0 

16.1 

31 

54 

55.8 

71.3 

9 

isi 

16.2 

20.7 

33 

57i 

59.4 

75.9 

11 

19 

19.8 

25.3 

35 

61 

63.0 

80..5 

13 

22i 

23.4 

29.9 

37 

f>4i 

66.6 

85.1 

15 

26 

27.0 

34.5 

39 

68 

70.2 

89.7 

17 

2<>i 

30.6 

39.1 

41 

7ii 

73.8 

94.3 

19 

33 

34.2 

43.7 

43 

75 

77.4 

98.9 

21 

36i 

37.8 

48.3 

45 

78i 

81.0 

103.5 

23 

40 

41.4 

52.9 

47 

82 

84.6 

108.1 

25 

43i 

45.0 

57.5 

49 

85i 

88.2 

112.7 

27 

47 

48.6 

62.1 






Tappings .—Outside end tappings, number 5 tapped 1 in. top ends, 1-j-in. bottom 
ends. Number 6 tapped in. top ends, 1^ in. bottom ends. 

Bottom tappings are -I in. located in next-to-end sections unless otherwise 
specified. End-tapped radiators—add i in. to length for each bushing. 

An allowance of 10 per cent extra is recommended when radiators are recessed. 
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medium. The air passageways between the tubes form flues which 
aid in promoting the circulation of air through the cabinet. The 
solid front face, exposed to the room, provides a surface which gives 
off heat by both radiation and convection. The heat transmission to 
air passing behind the front and over the tubes is by the process of 
convection. The air outlets may be either in the front at its top or in 
the top of the cabinet. 



Information relative to the amounts of heating surface and ratings 
of one cabinet-type radiator are given in Table 53. 

163. Pipe Coils. Radiators constructed of 1-j- and 1-^in. com¬ 
mercial wrought-iron and steel pipe made with suitable headers or 
manifolds, such as branch tees, have had considerable application in 
heating industrial plants. These coils are placed on the walls under 
and between window openings and under or adjacent to skylights in 



the roof. The coils may be of the miter or box type as shown by Fig. 
87. The suV)stitution of return bends at the pipe ends for manifolds 
or branch tees is not recommended. In pipe-coil radiators, ample pro¬ 
vision must be made for expansion due to the rather long lengths of 
pipe that may enter into their construction. 

The data of Table 54 indicate the thermal performance of horizontal 
pipe coils. Vertical positions of the pipes affect the operating char¬ 
acteristics of such units to some extent. 
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TABLE 54 

Radiation Factors R for Direct Pipe-Coil Radiators with 

Steam 

Steam temperature 215 F, room air 70 F, color black 
Pipe-Coils Mounted on a Wall 

JMpes in a horizontal position. British thermal units per hour per linear 

foot of coil 
Pipe Siz(*s, In. 


Rows of Pipes 1 

li 


1 

132 

162 

184 

2 

251 

313 

346 

4 

440 

544 

612 

6 

567 

702 

789 

8 

650 

795 

904 

10 

733 

904 

1015 

12 

814 

1006 

1134 

Finned- 

pipe sections find usages 

where pipe coils 

might be employed. 

Figure 88 

is indicative of the external appearance 

of finned steel pipe 



which is obtainable in l^- and 2-in. 


sizes in lengths which may be 
assembled along walls in the 
amounts necessary. External 
physical dimensions of the hns are 
shown in Fig. 89 for both the 1:^- 
and 2-in. pipe sizes. The fins are 

_ not bonded to the pipes, but they 

(TAe Vulcan Radiator Co.) make firm contact witli them to 

Fig. 88. Finned-tube radiator. give good heat transmission 

through the areas of contact. 
Heating-surface ratings are 4:^ sq ft per linear foot of l^-in. pipe and 
5-J^ sq ft for the 2-in. size. The weights of pipe per linear foot are 4 



U* in. size 2-in. size 

(The Vulcan Radiator Co.) 

Fig. 89. Dimensions of finned-tube radiation. 


lb for the 1-J-in. size and 6^ lb for the 2-in. sections. Brackets are 
used for wall mountings, and, when desirable, extended-metal grilles 
are used to cover installed units. 
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164. Heat Dissemination from Direct Radiators. The heat given 
off by the radiator is received at its internal surfaces by contact with 
the conveying medium. This heat is carried by conduction through 
the metal walls of the radiator and is given off at the outer or radiating 
surfaces by the processes of radiation and convection. Resistance to 
heat transfer is encountered at both the inner and the outer surfaces 
of the sections. As the resistance to h\"'t tr^-nsfer at the inner sur¬ 
faces is comparatively small and the outer-surface resistance to heat 
emission is greater to a varying extent the metal of the radiator section 
walls acquires a temperature praci ically equal to that of the medium 
in contact with it and the effect J the thickness of the thin section 
walls is negligible. 

The amount of radiant heat given off by a direct radiator is usually 
less than one-half the total heat emitted. Tliis heat is thrown out 
in straight lines to objects warmed, passing through the surrounding 
air without warming it appreciably. Certain 
radiator types have parts of their surfaces so 
placed as to enable them to emit more radiant 
heat than others. Figure 90 illustrates how 
exterior surfaces with more or less re-entrant 
angles have the emission of radiant heat partially 
blocked. The wider the radiator section, the 
greater the blocking effect. Because radiator 
sections are of irregular shape it is difficult but 
not impossible to apply theoretical coefficients 
for radiation and convection to them. There¬ 
fore the performance of radiators can best 
be determined by actual tests under operating conditions for each 
individual type of radiator. The unit heat transmission by radiation, 
i.e., the amount of heat given off per hour per square foot of surface, 
is independent of the extent and form of the surface, provided that 
re-entrant angles and re-entrant surfaces are not present. Radiant- 
heat emission is dependent upon the absolute temperature, the nature 
of the radiating surface, and the difference between the temperature 
of the hot surface and that of its surroundings. High temperatures 
of the surfaces are more conducive to an increase of heat transmission 
by radiation than are greater differences in temperature between the 
surface and its surroundings when the surface temperature is lower. 

Heat is transferred from radiator heating surfaces by convection as 
air moves over them. This method of heat transfer is not affected 
by the nature of the surfaces but is dependent upon their form and 
extent. Very important factors are the difference between the tem- 



Fig. 90. Intercep¬ 
tion of radiant heat 
in a radiator. 
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perature of the surfaces and that of the surrounding air, and the 
velocity of air flow. Increase of velocity will produce an increase in 
the rate of heat transfer by convection, all other conditions remaining 
the same. The effect of increased air velocity is to decrease the surface 
film of stagnant air which offers resistance to the flow of heat. Rapid 
flow of water over the interior surfaces of steam and hot-water radiators 
also tends to produce increased transmission of heat. 

166. Testing of Direct Radiators. The most trustworthy results 
will be obtained if radiators can be tested under actual operating con¬ 
ditions. Steam-condensation tests should be run in rooms where 
facilities are available for the maintenance of uniform experimental 
conditions. The radiator should stand in still air (movement due to 
natural convection currents only), and its output should not be 
affected by an environment which includes either hot or cold surfaces 
as either of these may change its output of radiant heat. Provisions 
must be made for the careful determination of the temperatures of the 
room air, steam, and condensate. Also required arc accurate informa¬ 
tion relative to the steam pressure together with its quality and the 
weight of condensate during the test period. 

The actual heat Ha, Btu per hour, given off by a direct radiator is 

W 

Ha = {hf + xhfg - hfe) —" (80) 

where hf = enthalpy of the liquid of the steam supplied, Bt\i per lb. 

X = quality of the steam, expressed decimally. 
hfg = enthalpy of evaporation of supply steam, Btu p(‘r lb. 
hfc = enthalpy of the liquid of the condensate, Btu per lb. 

Ws = weight of steam condensed per test, lb. 

D = duration of test period, hr. 

The actual radiation factor /?«, Btu per hour per square foot of surface 
A, is 

Ra = Ha^ A (81) 

When the temperature of the radiator steam is 215 F and the 
room-air temperature tr is 70 F the standard temperature difference 
of 145 F exists, and the actual value.of Ha is equal to the value for 
standard conditions. Likewise under the conditions mentioned Ra 
and Rg are equal. The expressions Ha = RaA and //« = RgA are 
useful. 

The American Society of Heating and Ventilating Engineers has 
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codes^ covering the testing of radiators and convectors. The ASHVE 
code method of expressing the heat emission //«, Btu per hour, from 
a direct radiator operating under standard conditions is somewhat 
empirical, but it does give a satisfactory result. When the steam 
condensed is W, pounds per hour, the heat output per hour under 
standard conditions by the code is 

156. The Location, Selection, ajid Installation of Direct Radiators. 

Whenever possible direct radiators should be placed below window 
openings, and their height 
should be such that they \vill 
not extend above the bottom 
of any window opening. Such 
locations arc preferable to 
placements along interior walls 
or wall spaces adjacent to 
windows, for the radiators can 
more quickly warm the cold air 
entering at windows by infiltra¬ 
tion. This arrangement also 
[)nivents or reduces cold drafts 
of air in the room especially at 
the floor level. Figures 91 and 
92 indicate the circulation of 
air and its temperatures as 
determined by careful tests at 
the University of Illinois with direct radiators in two locations.^ 

The selection of radiators depends upon a number of items, such as 
the type of heating system, the wall and floor space available, the 
required amount of radiating surface, the allowable heights of the 
radiator sections, the type of radiation either available or most eco¬ 
nomical to use, and the use to which the heated space is put. The 

^‘‘Code for Testing Radiators,” ASHVE Trans.^ Vol 33, 1927. “Standard 
Code For Testing and Rating Concealed Gravity Type Radiation (Steam) ASHVE 
Trans.,*' Vol. 37, 1931. (Hot Water) ASHVE Trans., Vol. 39, 1933. See also 
ASHVE Trans., Vol. 41, 1935, and Vol. 42, 1936. 

2 “Investigation of Heating Rooms with Direct Steam Radiators Equipped with 
Enclosures and Shields,” by A. C. Willard, A. P. Kratz, M. K. Fahnestock, and 
S. Konzo, University of Illinois Engineering Experiment Station Bulletin 192. 


61.8“ (Air) 



Fig. 91. Air circulation with unenclosed 
direct steam radiator. 
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length of a cast-iron radiator has some effect on its performance in the 
matter of heat emission per square foot. The end sections are more 
effective in the emission of radiant heat, and also the air may move 
more freely over the ends, thereby increasing the heat transfer by 
convection. The decrease in heat transmission per rated square foot 
is quite appreciable when tubular radiators are increased in length 
from one to four sections. Beyond this point the reduction in output 
per unit of area is much less. As tubular radiators are seldom made 
up with less than four sections the effect of length of the radiator may 



62.2<* (Air) 
- y-O'- 


be ignored. 

Direct radiators should be centered below the window openings and 

placed to clear the adjacent 
wall by a distance to 2-^ in. 
Before installation, radiators 
should have all possible accu¬ 
mulations of dirt and other 
foreign materials removed from 
their interiors. Cast-iron radi¬ 
ators longer than 40-section 
units arc not desirable as their 
weight may make them hard 
to handle and also the sections 
are likely to be broken apart in 
handling. All radiators should 
be installed in a neat and work¬ 
manlike manner and so placed 
that water drainage from the 
outlet end is not hampered. 
Dividing the required amount of radiating surface among two or more 
units adds to the flexibility of operation but also somewhat increases 
the installation costs. 

167. Correction of Radiation Factors for Conditions Other Than 
Standard. Direct radiators in actual operation may have heating- 
media-air temperature differences more or less than 145 F. Therefore 
it is necessary to correct the factor for standard conditions to actual 
conditions which are not standard. 

With tubular radiators the standard radiation factor is 240 Btu for 
steam and 150 Btu for hot-water service. The corrected factors for 
conditions other than standard are 
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Fig. 92. Air circulation with unenclosed 
direct radiator at back wall. 



\215 - 70/ 


for steam 


(83) 
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and 

Ra = 150 for water (84) 


where ts = steam temperature, deg F. 

tyj = average temperature of the water in the radiator, deg F. 
tr = room air temperature, deg F. 

In either case the published rating in terms of equivalent direct 
radiation, edr, is multiplied by the corrected factor Ra to get the hourly 
heat output of the radiator. 

Example. Find the hourly heat output of 100 sq t of rated surface of direct 
cast-iron tubular radiators when operated with steam at 215 F and the room-air 
temperature at 65 F. Also find the houdy heat output when water enters the 
radiator at 190 F and leaves the radiator at 160 F. 


Solution. 


For steam, Ra = 240 



= 250.7 Btu per hr per sq ft 


Ha ■= 250.7 X 100 = 
For hot water. The average 



25,070 Btu per hr 

water temperature equals 175 F. 

170 Btu per hr per sq ft 


Ila = 170 X 100 = 17,000 Btu per hr 

The foregoing cases of the correction of direct radiator performance, 
for conditions other than standard, are easily made by the use of equa¬ 
tions 83 and 84. When convectors arc involved. Art. 167, the correc¬ 
tions are made in a similar manner using an exponent of 1.5 and the inlet 
air temperatures as 5 F less than those of the rooms. The data of 
Table 55 provide a means of rapidly making correction calculations 
for the stated conditions. Use of the data of Table 55 is made in the 
following case. 


Example. Find the hourly heat output of a tubular radiator rated at 100 sq ft 
of equivalent direct surface when it operates with steam at 215 F and stands in a 
room having a breathing-line temperature of 65 F. 

Solution. The prior calculation, using equation 83, gave an estimated output 
of 25,070 Btu per hr. When the data of Table 55 are used the calculated output 
becomes 100 X 240 4- 0.96 = 25,000 Btu per hr. 


The operation of hot-water heating plants with direct radiators may 
involve the use of heated water where the operating conditions are 
not standard as the average temperature difference of the radiator 
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TABLE 55 

Correction Factors for Direct Cast-Iron Radiators and Convectors* 


Steam Pres¬ 
sure Approxi¬ 
mately 

Heating 

Medium 

Factors for Direct t. ^ ^ 

^ ^ , I actors for Convectors 

Cast-Iron Radiators 



Tempera- 






Ga^e 


turc F, 

Room Temperature, F Inlet Air Temperature, F 

Vac- 


Steam 






uum, 

Psia 

or Water 






In. Hk 



80 75 

70 

65 

60 

55 50 80 75 70 65 60 55 50 

22.4 

3.7 

150 

2.58 2.36 

2.17 

2.00 

1.86 

1.73 1.62 3.14 2.83 2. .57 2.35 2.15 1.98 1.84 

20.3 

4.7 

160 

2.172.00 

1.80 

1.73 

1.62 

1.52 1.44 2.57 2.35 2.15 1.98 1.84 1.71 1.59 

17.7 

6.0 

170 

1.86 1.73 

1.62 

1.52 

1.44 

1.35 1.28 2.15 1.98 1.84 1.71 1.59 1.49 1.40 

14.6 

7 5 

180 

1.62 1.52 

1.44 

1.35 

1.28 

1.21 1.15 1.84 1.71 1.59 1.49 1.40 1.32 1.24 

10.9 

9.3 

190 

1.44 1.35 

1.28 

1.21 

1.15 

1.10 1.05 1.59 1.49 1.40 1.32 1.24 1.17 1.11 

6.5 

11.5 

200 

1.28 1.21 

1.15 

1.10 

1.05 

1.00 0.96 1.40 1.32 1.24 1.17 1.11 1.05 1.00 

Pug 








1 

15.6 

215 

1.10 1.05 

1.00 

0.96 

0.92 

0.88 0.85 1.17 1.11 1.05 1.00 0.95 0.91 0.87 

6 

21 

230 

0.96 0.92 

0.88 

0.85 

0.81 

0.780.76 1.000.950.91 0.87 0.83 0.79 0.76 

15 

30 

250 

0.81 0.78 

0.76 

0.73 

0.70 

0.68 0.66 0.83 0.79 0.76 0.73 0.70 0 68 0.65 

27 

42 

270 

0.700.68 

0.66 

0.64 

0.62 

0.60 0.58 0.70 0.68 0.65 0.63 0 60 0 58 0.56 

52 

67 

300 

0.58 0.57 

0.55 

0.53 

0.52 

0.51 0.49 0.56 0.54 0.53 0.51 0.49 0.48 0.47 


* To (iotormine tho 8iz« of a radiator or a convector for a jrivon space, divide the heat loss in Btti 
per hour by 240, and nmltiply the result by the proper factor frotii the above table. 

To determine the heatinp; capacity of a ra<liator or a convector under conditions other than tho 
basic ones with the heatinK medium at a temperature of 21o F, the room temperature at 70 F for a 
radiator, and the inlet air temperature at 65 F for a convector, divide the heating capacities at the 
basic conditions by tho proper factor from the above table. 

water and the room air may be considerably more than 100 F. The 
water ratings of heating boilers are discussed in Chap. 8. The stand¬ 
ard ratings of boilers as defined there must be modified in the proper 
selection of a unit when its actual conditions of operation are not as 
specified. Information relative to the heat emission and the boiler¬ 
rating factors are given in Table 56 for various average radiator-water 

TAHT.E 5f) 

Factors for Use with Direct Hot-Water Radiators* 



Radiation Fac¬ 



Radiation Fac¬ 


Average 

tor at 70 F Air 


Average 

tor at 70 ¥ Air 


Radiator 

Temperature, 

Boiler- 

Radiator 

Temperature, 

Boiler- 

Water Tem¬ 

Btu per Hr per Rating 

Water Tem¬ 

Btu per Hr per 

Rating 

perature, F 

Sq Ft Edr 

Factor 

perature, F 

Sq Ft Edr 

Factor 

150 

no 

0.733 

195 

200 

1.333 

160 

130 

0.866 

200 

210 

1.400 

170 

150 

1.000 

210 

230 

1.533 

180 

170 

1.133 

215 

240 

1.600 

190 

190 

1,266 





* Burnham Boiler Corporation. 
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temperatures when the breathing-line air temperature of the room is 
70 F. When the average water temperature in a radiator is more or 
less than 170 F a boiler may be selected with a net load rating equal to 
the required amount of installed radiation multiplied by the proper 
rating factor as given in Table 56 for the average radiator-water 
temperature. 

168. Heating Effect of Direct Rad'ators. The condensation of 
steam per hour in a radiator is not a complete measure of its perform¬ 
ance as certain radiators will do more than others in maintaining a 



Height above Floor in Feet 

Fig. 93. Room-air temperature gradients and steam-condensation ratfhs for four 

cast-iron direct radiators. 


smaller temperature differential between the floor and the ceiling of 
a room. This may be accomplished by the use of the same or smaller 
amounts of steam condensed per hour. The larger portion of the 
air-temperature gradient between the floor and ceiling of a room occurs 
between the floor and breathing line when the heating is done with 
direct radiators. Air temperatures at a level 30 in. above the floor 
are more indicative of the heating effect of a radiator than those at 
the breathing line. Heating effect is defined as the ratio of the heat 
output of a radiator held by the air in the occupied zone to the total 
heat output of the radiator. More nearly uniform air temperatures 
from floor to breathing line are preferable from the standpoint of 
comfort, and smaller temperature differentials from the breathing line 
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to the ceiling are beneficial in reducing the heat losses from the room. 
Long, low, thin, direct radiators maintain a lower air-temperature 
differential from floor to ceiling than high and wide radiators when 
both are operated with the same breathing-line air temperature and 
the same steam temperature. Data* relative to the heating effects 
of high tubular and low narrow radiators are shown by the curves of 
Fig. 93. 

169. Effects of Radiator Finishes on Direct-Radiator Performance. 

Surface finishes change the amount of heat given out from a unit by 
radiation but do not change the amount of heat given off by con¬ 
vection. A surface effect is involved; therefore the last coat of the 
finish determines the surface nature, and the undercoats of finish 
have no appreciable bearing in the matter. Finely ground pigments 
have for the most part about the same radiation properties as black 
cast iron and usually produce little change in radiator p(;rformance 
when incorporated in radiator paints. Bright surfaces transmit less 
heat by radiation than dull surfaces. Bronze metallic paints reduce 
the transmission factors of direct radiators. Table 57 gives the results 
obtained by tests to determine the effect of radiator finishes on two 
types of direct cast-iron radiators. 


TABLE 57 

Eb’fect ob’ SirRB’A<’E Finisiib]s on Direct C-ast-tron Radtators 
Three-eoluinn, 6-section, 32-iii. cast-iron radiators* 





Cix'fficiont 

Relative 

Radiator 


Area, 

of Heat 

Heating Value 

Number 

Finish 

Sq Ft 

Trans miss ion 

Per Cent 

1 

Bare iron, foundry finish 

27 

1.77 

100.5 

2 

One coat aluminum bronze 

27 

1.60 

90.8 

3 

Gray paint, dipped 

27 

1.78 

101.1 

4 

One coat dull black paint 

27 

1.76 

100.0 


Four-tube, 10-section, 26-in. cast-iron radiatorsf 

Relative Heat Relative Heat 

Finish Emission Finish Bhnission 

Bare radiator 100.0 Flat brown paint 104.8 

Aluminum bronze 03.7 Flat cream paint 104.0 

Gold bronze 92.6 White gloss enamel 102.2 

* ** Comparative Tests of Radiator Finishes,'* by W. H. Severns, ASHVE Trans.^ 
Vol. 33, 1927. 

t “Experiments on the Effect of Surface Paints on Radiator Performance," by 
C, H. Fessenden and Axel Marin, ASHVE Trans.^ Vol 35, 1929. 

* “Steam Condensation an Inverse Index of Heating Effect," by A. P. Kratz and 
M. K. Fahnestock, ASHVE Trans.y Vol. 37, 1931. 



Fig. 94. Direct cast-iron steam radi¬ 
ator, bare and with a shield, cloth 
cover, and cabinet enclosures. 
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The effect of the surface finish is greater with any type of radiator 
which has a large proportion of its total surface effective for the emis¬ 
sion of radiant heat. Four-column radiators will be less affected than 
single-column radiators of the same height. Greater effects may be 
expected with pipe-coils and wall sections than with tubular radiators 4, 
5, or 6 tubes wide, all other conditions being the same as to height and 
methods of operation. 



Kio. 95. Effect of a shield, cloth cover, and cabinet enclosures on the performance; 
of a dir€!ct cast-iron steam radiator. 


160. Effects of Radiator Enclosures with Direct Radiators. Any 

enclosure placed about a direct steam radiator will reduce its steam 
condensation per hour unless the enclosure is extended to a level well 
above the top of the radiator. In any enclosure the air flow at both 
the bottom inlet and the top outlet should not be restricted. The 
final heating effect produced by the enclosed unit depends greatly 
upon the design of the enclosure of a radiator. Some enclosures placed 
over an installed radiator will produce better heating effects in a room, 
although the steam required per hour is less; other enclosures produce 
no effect other than to reduce the consumption of steam; and finally 
poorly designed cabinets and covers will so reduce the heating effect 
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of the radiator unit that additional units must be installed if the space 
is to be properly heated. The effects^ of various radiator enclosures, 
shields, and covers, Fig. 94, on room-air temperature gradients and 
steam condensation are shown by Fig. 95 for a single radiator so 
equipped. The distribution of heated air in a room having a good 
enclosure fitted to a direct steam radiator is indicated by Fig. 9(). 

The effect of radiator en- 62 0 MAir) 

closures of the cabinet type is 
to change direct radiators into 
some form of a convector. 

Direct radiators are sometimes 
installed in recesses in walls 
with or without decorative 
panels in front of them. Their 
performance is affected by the 
height of the radiator used, the 
nature of the rec^ess in the wall, 
and the free area openings of 
the air inlets and outlets and 
their locations. In general tlie 
effect of placing the radiator in 
a recess is to reduce the heat 
output of a given unit by about 
10 per cent. This statement does not apply to properly designed 
convectors which are described in Art. 163. 

161. Weights and Volumes of Direct Radiators. In hot-water 
heating it may be important to estimate the wenght of water-fill(Ml 
radiators supported by wall brackets. Furthermore, it is necessary 



56.0“ (Air) 

Fkj. 96 . Air circMilation in a room with a. 
direct radiator cm^lo.suro. 


TARLE 58 


Weights and 

Internal 

Volumes 

OF Direct Radiators 

PER SqUARK 


Foot of Rated Surface 




Weight 

Volume 


Weight 

Volume 


per 

per 


per 

per 


Square 

S(piare 


Square 

Square 


Foot, 

h^oot, 


Foot, 

F oot, 

Radiator 

Lb 

Pints 

Radiator 

Lb 

Pints 

Column 

7 

1.3 

Wall sections 

6 

1.7 

Tubular, large 

5.8 

0.8 

Pipe coils l^-in. and 



small 

4.2 

0.5 

Ij-in. pipe 

5 3 

1.6 


* 'investigation of Heating Rooms with Direct Steam Radiators Equipped with 
Enclosures and Shields,” by A. C. Willard, A. P. Kratz, M. K. Fahnestock, and 
S. Konzo, University of Illinois Engineering Station Bulletin 192. 
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to know the volume of water contained in the radiators in order to 
estimate the size of an expansion tank, when used, for a hot-water 
heating system. The weights of radiator sections and their internal 
volumes vary with the type of section and also somewhat with the 
different manufacturers. The data given in Table 58 are more or 
less average values which are adequate for most calculations. 

162. Radiator Tappings and Bushings. Some of the older styles 
of cast-iron radiator sections have tapped openings in their end sections, 
at the level of the bottom row of connecting nipples, as large as 2-in. 
pipe size. Other radiators are tapped for 1^-in. pipe connections. 
The modern tendency with radiators having tubes of small size is to 
provide them with pipe openings as small as 1^- to 1-in. size. The 
data of Table 59 designate the common or bushed-opening pipe- 
connection sizes for various amounts of radiatioti employed in the 
different kinds of heating plants. All air-valve openings are tapped 
for ^in. pipe. 


TABI.E 59 

Direct Cast-Iron Radiator Bushing Pipe Sizes 


Radiator Heating 
Surface, Sq Ft 

One- 

Pipe 

Steam 

Two-Pipe Steam 

Vapor 

I lot-Water 

Inlet 

Outlet 

Inlet 

Outlet 

Inlet 

Outlet 

' 

0 to 24 inc. 

1 







Above 24 to 60 inc. 

li 







Above 60 








0 to 48 inc. 


1 

3 

T 





Above 48 to 96 inc. 


li- 

1 





Above 96 



U- 





0 to 30 inc. 




1 

1 

1 

1 

Above 30 to 60 inc. 




3 

4' 

1 

2 



Above 60 to 125 inc. 




1 

1 

u 

It 

Above 125 




li 

1 

2 

li 

li 

0 to 40 inc. 

Above 40 to 72 inc. 
Above 72 



... 

’ 

1 

1 

It 

li 

f 

1 


163. Convectors. The term convector covers a great variety of 
concealed heating units constructed in many forms of both ferrous and 
non-ferrous materials. One form of such equipment functions with 
a heating element placed at a low level within an enclosure as shown 
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{Young Radiator Co.) 


Fig. 97. Cabinet convector with finned-tube heating element. 

by Fig. 97. The devices considered here differ from either direct 
radiators fitted with enclosures, as shown by Fig. 94, or direct radiators 
recessed into walls. Because of the chimney 
action produced by the effects of stack height, Fig. 

98, and the differences in the temperatures of air 
within and without the enclosure, cool air from 
near a room floor is circulated through the heating 
element of a convector. The air thus warmed is 
discharged through openings either in the top of 
or through a grille placed near to the top of the 
assembled unit. 

Three general types of convector enclosures are 
available; these are cabinet, partly concealed, and 
totally concealed units. Thus convectors may be 
installed under window or glass areas either as 
free-standing floor cabinet units, Fig. 97; assembl¬ 
ages enclosed in wall-mounted cabinets; recess- 
types partially set into the wall. Fig. 102; recess 
types fully set into the wall with a front panel Fig. 98. Stack and 
flush with its surface. Fig. 102; and finally those enclosure heights of 
fully concealed arrangements with their heat- ^ convector, 

ing units placed within wall spaces behind plaster coverings with 
the inlet and air outlet visible as in Fig. 99. The partially con- 
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cealed or semi-recessed types are generally installed under window 
openings with a portion of the cabinet within the wall and part of 
the cabinet extending into the room. The air outlets may be located 







Fi(3. 99. Cast-iron con vector with 
wall concealment. 


{National liadintor Co.) 

Fio. 100. (^ast-iron 
Aero convector sec¬ 
tions. 


either in the window stool above the unit or near to the top of its 
(uiclosure front to discharge heated air horizontally into the room. 

The heating elements of convectors may be classified by position as 
vertical, horizontal, and inclined. Small-tube cast-iron sectional 

radiators lend themselves as 
vertical heating elements in 
both free-standing cabinet and 
wall-enclosed convectors. 
Other sectional heating units 
of cast iron, Figs. 100 and 101, 
have finned projections which 
are integral with the core of the 
element and which add to 
its air-heating surfaces. Non- 
U ] ferrous materials used for the 

U construction of heating-element 

{National Radiator Co.) includc COppcr, braSS, and 

Fig. 101. Aero convector, series B, 6^ , . 'itt-.i ^ 

It, .. • 1 x aluminum. With non-ferrous 

m., 15 section, single unit. 

materials one common form of 
heating element design involves inlet- and outlet-connection headers 
joined by tubes of either brass or copper which have attached finned 
extensions of either sheet copper, brass, or aluminum as shown by 
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* 

Fig. 97. Where extended air-heating surfaces are formed from sheet 
materials of either copper or brass, bonding between tubes and fins 
may be secured by soldering. Good contact between non-ferrous 
tubes and fins is often secured by heavy pressure exerted upon fin and 
tube parts during the assembly of the core of the heater unit. 

The rate of air flow through a convector has much to do with the 
output obtained. Furthermore this fic of air must be through the 
heating element as it should not by-pass the surfaces where it may be 
properly warmed. The design of a convector-enclosure air inlet and 
also its air outlet affect its performance, and consideration should be 
given to these items. The capaci I y ot a convector is dependent upon the 
height of the stack for any given set of operating and design conditions. 
The greater the stack height the greater is the heat output per hour 
for a given type of heating unit. However, the high-outlet convectors 
tend to give poorer heating effects owing to increased tendency for 
air stratification in a room. The general tendency is to avoid the use 
of convectors which cannot be placed beneath the usual window 
opening. 

164. Concealed and Semi-Recessed Convector Fronts. Removable 
decorated metal panels are provided for some concealed and also semi- 
recessed convectors, which make the heating elements entirely accessi¬ 
ble. Other convectors have their stack-front panels unfinished, and 
these serve as a plaster base; or lath and plaster may bo placed in front 
of the metal of the stack, the top and the bottom outlet and inlet 
grilles being removable so that access may be had to the heating ele¬ 
ment or unit. 

166. Control of Convectors. The heat output of a convector may 
be regulated by either of two methods. The flow of the heating 
medium may be controlled either by a valve in the heating-medium 
supply connection as in direct radiators or by a damper at the air out¬ 
let of the unit. Closure of the air damper stops air circulation and 
the unit becomes inactive. A few convectors are provided with both 
forms of control. 

166. Uses of Convectors. Heat-dispersal units in many heating 
plants are convectors built with provision for separate heating- 
medium inlet and outlet connections in vapor, vacuum, and other 
two-pipe steam systems and for use with either gravity-flow or forced- 
circulation hot-water installations. Not every convector as con¬ 
structed is an all-purpose unit. However, most manufacturers are 
able to supply designs suitable for one-pipe steam-heating systems and 
also units for hot-water heating when their regular convectors for 
two-pipe steam usage are not adaptable to hot-water heating. 
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167. Ratings of Convectors. As for ‘ direct radiators, Art. 155, 
convectors may be rated on the basis of steam-condensation tests. 
When the proper air temperatures and steam data have been secured 
the actual heat output of a convector unit Hacv Btu per hour, can be 
computed by use of an expression identical with equation 80. Use 
can also be made of an equation similar to number 81 to find a radia¬ 
tion factor Racv in Btu per hour per square foot of rated surface. 

Ratings for steam operation are standardized for the conditions of 
215 F steam temperature within the heating element and air entering 
the convector enclosure at 65 F. By the ASHVE Code the heat 
output of a steam convector operating under standard conditions is 



where h/g = enthalpy of evaporation at steam pressure, Btu per lb. 

W = steam condensed, lb per hr. 
ts = steam temperature, deg F. 
ti = inlet-air temperature, deg F. 

In the foregoing equation U is not equal to the room temperature tr, 
and also the exponent applied to the temperature-difference ratio is 
an average value of 1.5 for convectors and not the value of 1.3 as used 
for direct radiators. The outputs may be given as the maximum and 
minimum square feet of e(piivalcnt direct radiation, edr, of direct 
radiators or as the total Btu output per hour. Frequently an extra 
allowance is included in the rating for lieating effect. This is an extra 
percentage added to the rating obtained on the basis of the condensing 
capacity of the convector and is claimed, by the maker, because of 
the better heat distribution possible in the occupied zone when a 
convector is used. Ratings as given should be studied critically to 
determine whether the allowance adiled for heating effect is excessive. 

Views illustrative of finned cast-iron heating sections and their 
assemblage into a heating element for a convector are shown by Figs. 
100 and 101. The enclosure arrangements of cabinet, partially 
recessed, and fully recessed flush-front panel-coverage, for such units, 
are indicated by Fig. 102. The manufacturer's ratings for different 
section heights, depths, and lengths of section assemblages are given 
by Table 60, page 228. 

168. Heating Performance of Convectors for Conditions Other 
Than Standard. Many convectors cannot be operated with steam at 
215 F and the inlet air temperature at 65 F. When the conditions of 
operation are other than standard it is necessary to estimate from the 
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rating data the performance to be expected under the actual conditions 
of operation. The corrected radiation factor is 



Enclosure depths are from 
finished wall 


{National Radiator Co,) 

Fig. 102. Dimensions of enclosures for Aero convc(3tors. 

where RJ = the actual heat ouput per sq ft of rated area, A in edr, 
Btu per hr. 

tm = average temperature of the heating medium used, deg F. 
ti — inlet temperature of the air, deg F. 

Hev = A X Rev = total heat output of the convector under actual 
conditions, Btu per hour. The value of the exponent of equation 80 
as determined by tests ranges from 1.27 to 2.07. When the ratings are 
given in total Btu per hour output the corrected value for conditions 
other than standard becomes 
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where Hcv = total heat output for actual conditions, Btu per hr. 

Hcv = total heat output for standard conditions, Btu per hr. 
tm = average temperature of the heating medium, deg F. 
ti = inlet-air temperature, deg F. 

169. Baseboard Heating Units. Prior discussions of radiator per¬ 
formances have indicated that better heating effects can be obtained 
and smaller air-temperature differences maintained between floor and 



{Burnham Corp., Boiler Division) 
Fig. 103. Type-R radiant baseboard. 


ceiling levels with low, narrow, and long direct radiators than are 
possible with taller and wider units. Other desirable features with 
any heating system include inconspicuous locations of heat-dispersal 
units and their non-interference with room decorations, draperies, 
and furniture as well as uniformity of heat release about the rooms. 
Developments have been made with heating units which replace the 
usual baseboard placed in a room just above the floor level and which 
have most of the desirable operating characteristics previously listed. 

Baseboard units may be divided into two general groups, which are 
direct-radiant elements and those which primarily are convectors in 
their operation. The direct-radiant sections are made of cast iron; 
the convector-type units may be of cast-iron sections having finned 
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projections bounding air passageways at their rear, and those made of 
finned tubing may be placed within sheet-metal enclosures. The 
desirable placement of either of the two types is along the outside walls 
of the space to be heated. When because of inadequate wall space 
the required linear lengths of baseboard units cannot be placed along 
the bottoms of exterior walls the additional amounts are located along 
interior walls of the spaces to be heated. 

Figure 103 shows a hollow cast-iron unit which is in. deep by 
7 in. high and which is available in section lengths of 1 and 2 ft. The 
required amount of length, by one-foot increments, which replaces the 



{Burnham Corp., Boiler Division) 
Fk;. 104. Type-UC radiant bast'board. 


room baseboard can be obtained by joining sections together with 
push nipples and bolt fastenings. This particular unit is suitable for 
use with any type of hot-water heating system as well as two-pipe 
steam and vapor plants. In order to take care of inequalities of floor 
level such equipment is hung on wall brackets so that vertical adjust¬ 
ment may permit the bottom edge to vary from nothing to ^ in. above 
the floor. Air leakages behind the units may cause soiling and streak¬ 
ing of the walls above them; therefore a method of sealing is employed 
at both their tops and the floor level. This process consists in the 
attachment of tough paper on the surface of the wall behind them, 
^ in. of which is folded over the top edge of the metal. At the floor 
level and at the top of the unit further sealing against air leakage is 
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secured by the use of quarter-round wood mouldings which are fastened 
in place by nailing so that the moulding butts against the already 
paper-sealed edges. An allowance of about ^ in. in 10 ft for each 



(C. A. Dunham Co.) {C. A. Dunham Co.) 

Fia. 105. Convcctor-type baseboard Fig. 106. Plan of pipe and finned 
heating unit. sections of baseboard heating unit. 


180 F temperature rise should be made for expansion of the metal. 
Fittings for corner connections of the sections and coverages of ends 
are available. 

Finned radiant baseboard heaters are constructed in the form of 
the cast-iron unit illustrated by Fig. 104. These sections arc 1 and 



2 ft in length, 7 in. high, and 2 in. thick and are fastened together in 
the manner stated for the units illustrated by Fig. 103. A baseboard 
unit of the convector type which is built up of sheet metal and tubing 
is shown by typical views of its placement in Figs. 105 and 106. 



PERFORMANCES OF BASEBOARD HEATING UNITS 233 


Examination of Fig. lOG indicates that heat is obtainable from the 
plain-tube sections and from those heating elements which have finned 
sections. Details of the sectional dimensions of finned and pipe por¬ 
tions as well as corner details are given by Fig. 107. The finned units 
come in standard lengths of 2, 3, 4, 5, and 6 ft. The baseboard cover¬ 
ing units for bare pipe sections have standard lengths of 10 ft and are 
cut to fit at the time of installation. The manufacturer supplies 
inside and outside corner fittings and those necessary at door openings; 
pipe and pipe fittings are those in ordinary commercial use. The 
details of installation as far as air sealing and circulation are given in 
P^ig. 107. The air circulation is upward from the concealed opening 
at the bottom of the unit over the pipe and extended surfaces and out 
at the top. 

170. Performances of Baseboard Heating Units. Tests have indi¬ 
cated that such equipment will operate to give a maximum tempera¬ 
ture difference in the air between residence floor and ceiling levels of 
not to exceed 3 ¥ when the outside-air temperature is 0 F. Manu¬ 
facturer's data for the op(u*ation of plain direct radiant and convector- 
type cast-iron sections with water are given by the stated outputs for 
different conditions in Table 61. 


TABLE 61 


Heat Emission Direct Radiant and Finned CastvIron Baseboard 

Sections* 


Forced circulation of water Btu per hour per linc^ar footf 


Water Temperature 
D(^g F 
190 
200 
215 


Regular Radiant 
Baseboard 
235 
261 
300 


FinruKl C^ast-Iron 
Baseboard 
390 
435 
500 


* liunihani Boiler (Corporation, f Room air 70 F. 


Tables 62 and 63 indicate the manufacturer's data for the perform¬ 
ances of bare pipe and finned-heating elements made of tubing and 
sheet metal. 


TABLE 62 

Heat Output op One-Inch Bare Pipe in Dunham Baseboard, Btu 
Per Hour Per Linear Foot 

Water temperature, deg F 160 180 200 220 

Heat output 76 96 117 140 

Use of the data of Tables 62 and 63 is made in the following 
manner: the hourly heat losses from the room and the linear feet of 
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TABLE 63 

Heat Output op Finned Sections of Dunham Baseboard, Btu per Hour* 
Cabinet Pipe Water Temperatures, Deg F_ 


Length, In. 

Tjeiigth, In. 

160 

180 

200 

220 

24 

20 

557 

740 

948 

1171 

36 

32 

937 

1244 

1594 

1967 

48 

44 

1317 

1748 

2239 

2762 

60 

56 

1697 

2251 

2884 

3558 

72 

68 

2077 

2755 

3528 

4354 


* C. A. Dunham Company. 


exposed wall are ascertained and the operating temperature of the 
water fixed. The total heat output required is the sum of the heat 
emitted by the pipe installed and the additional output of the neces¬ 
sary finned sections. The manufacturer recommends a water tem¬ 
perature of 180 F as one which will not produce charring of air-borne 
dust particles. 


PROBLEMS 

1 . A tubular radiator oporatf'd with saturated steam of 0.99 quality and 215 
temperature in a room where the air t(»mperature was 70 F. The dry steam used 
per hour was 35 lb when the condensate left the radiator with the same tempera¬ 
ture as that of the steam. Find the equivalent direct surface (edr) of the radiator 
in square feet and the weight of wet steam used per square foot of equivalent 
surface. 

2. A building having heat losses amounting to 90,000 Btu per hr is to be main¬ 
tained at 70 P' by 4-tube 22-in. free-standing direct cast-iron radiators operating 
with saturated steam kept at a pressure corresponding to 215 F. How many 
radiator sections are neces.sary? 

3 . A 5-tube 25-in. steam radiator gave off 12,000 Btu per hr when operated 
under standard (jonditions of rating, P'ind the number of sections in the radiator. 

4 . How many IIB wall sections. Table 51, are required to supply 26,400 Btu 
per hr wrhen operated wuth steam under standard conditions? Find the number of 
tubular wall sections, Table 52, are necessary to handle a load of 26,400 Btu per 
hr when operating umhir the standard conditions of st(*am rating. What output 
may be expected from the amounts of radiation just determined if in each case they 
are operated with gravity-flow hot water under standard conditions for water 
rating? 

5. How many sections of small-tube wall radiation, Table 52, arc required to 
emit 40,000 Btu per hr when operated as free-standing direct radiators in a room 
where the breathing-line air temperature is 70 F and the steam used for operation 
has a pressure of 15.65 psia? 

6 . Find the rated surface area and the dimensions of a free-standing cabinet 
steam radiator operated under its rating conditions to give 17,520 Btu per hr. 
Wliat output will the radiator give when operated with gravity-flow hot water 
under standard conditions for water operation? 

7 . Calculate the heat given off by 50 sections of 3-tube 25-in. direct radiation 
when operated with steam at a temperature of 220 F and room air at 65 F. 
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8 . A room having heat losses amounting to 21,000 Btu per hr is heated by a 
steam radiator operating with a pressure of 14 psia when the room temperature} 
is 60 F. Find the number of 6-tube, 25-in. direct radiator sections used. 

9. A hot-water heating plant is to operate with gravity How of the water witli 
the following temperature (ionditions; room air, 72. F; water entering radiator, 
190 F; and water leaving radiator, 170 F. Find the heat output per square} foot 
of rated surface of the radiator. 

10. A convector, when operating with a steam temperature of 220 F and air 
entering the unit at 60 F, gave off 30,000 Btu per hr. Find the output of the unit 
under standard conditions of rating convectors. 

11. A direct tubular steam radiator provides the capacity to overcome the losses 
of heat amounting to 22,000 Btu per hr from a room when it operates with a steani 
temperature of 218 F, a room temperat ;re of 68 F, and an outdoor-air temperature 
of —20 F. What must be the steam temperature within the radiator if the room- 
air temperature is to be maintained at 68 F when the outside-air temperature is 
20 F and the radiator is completely filled with steam? Assume that the room heat 
losses are directly proportional to the inside- outside-air temperature difference. 

12. A room has heat losses of 8000 Btu per hr. Find the required linear length 
of a regular radiant baseboard and also a finnf^d cast-iron baseboard when oper¬ 
ated with water at a temperature of 200 F. 

13. A baseboard heating unit is made up of 10 ft of one-inch pipe and 68 iit. 
of finned pipe. What heat output may be expected per hour when operated with 
water at 180 F? 
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HEATING BOILERS AND APPURTENANCES 

171. Foreword. This chapter deals with the units used either in 
the production of low-pressure steam or in the heating of water for 
warming structures. Large-scale district heating installations, office 
buildings having power plants, and many industrial plants have steam 
generated at high pressures in power boilers of va»ious types. The 
steam for heating purposes is reduced in pressure* by passing it through 
pressure-reducing valves or steam engines or steam turbines. The 
engines and turbines abstract part of the heat energy of the steam for 
power purposes, and the low-pressure exhaust steam is suitable for 
radiators, convectors, blast units, and water heaters. 

172. Distinctions between Steam Boilers and Hot-Water Heaters. 
The term hot-water boiler is applied to fuel-fired units for heating the 
water for hot-water heating systems. Such a water heater, completely 
filled with water, is usually identical in many respects with a steam 
heating boiler of the same type of construction. Any steam heating 
boiler may serve as a water heater if properly arranged and installed. 
Small round cast-iron boilers made for water heating do not as a rule 
have enough space in the top section for use as a steam boiler. The 
usual trimmings of a steam heating boiler include a pressure gage, a 
safety valve, a damper regulator, and a water column with a gage 
glass and try cocks. With some boilers a water column is not pro¬ 
vided, and the gage-glass connections and the try cocks are attached 
directly to the boiler. The same unit when used as a vrater heater or 
a water boiler does not have a water column, gage glass, try cocks, or 
safety valve. The damper regulator is of a different type from that 
for a steam boiler. The gage attached to the heater is an altitude 
gage which may read either pounds per square inch pressure or the 
head of water in feet. A special type of thermometer is inserted in a 
tapping near the hot-water outlets to indicate the temperature of the 
heated water. 

173. Materials of Construction and Working Pressures. Cast iron 
and steel are commonly employed in heating-boiler construction. 
Cast-iron boilers are built in sections which are assembled to produce 
a unit of the desired size. Steel boilers are constructed with a shell 
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of steel plates either riveted or welded together and are provided with 
either fire tubes or water tubes which add to the water-heating sur¬ 
face. All cast-iron sectional boilers and many steel heating boilers 
have internal fireboxes or furnaces. As heating units in service they 
must operate for long periods of time between hand fuel firings and 
stokings and carry the load with the minimum amount of attention. 
Such operating conditions, thereferre, ]>i*esage low combustion rates 
on relatively large grate areas and a considerable fuel-storage capacity 
in the firepots when solid fuels are used. 

The maximum safe working pressures usually specified for cast-iron 
boilers are 15 psig for steam and 30 psig for water-heating service. 
Low-pressure steel heating boilers usually have the same pressure 
limits as those stated for cast-iron construction. Steel boilers may 
be built for higher pressures than those stated previously, as closed 
systems of hot-water heating may involve pressures greater than 30 
psig in the lowest part of the boiler or water heater. 

174. Boiler Heating Surface. Those areas of a boiler which are in 
contact with the boiler water and which are exposed to either incan¬ 
descent fuel, hot refractory materials, hot flue gases, or all the fore¬ 
going are termed water-heating surfaces. Rome heating boilers arc 
also arranged to have certain surfaces with steam on one side and hot 
gases on the other. Inasmuch as the heat transferred at such surfaces 
does not generally produce superheating of the steam, the areas 
involved are included with those of the water-heating surfaces in the 
estimation of the total heating surface of the unit. Some modern 
cast-iron heating boilers have sections with ribbed and extended areas 
which serve to increase their heating surfaces and keep the Hue gases 
in contact with them. 

The effectiveness of the heating surface is dependent upon the dif¬ 
ference between the temperature of the fluid, water or steam, on one 
side, that of the gases on the other side, and the rate of circulation of 
both the water and the hot gases. These items affect the capacity 
which a boiler with a given amount of heating surface will develop. 

Heating surfaces may be classified as direct and indirect. Direct 
surfaces are those upon which the light of the fire shines; they are very 
effective in the transfer of heat to the boiler water because of the high 
furnace temperatures which promote heat transfer both by radiation 
and convection. Indirect-heating surfaces are those in contact with 
flue gases only and are progressively less effective from the standpoint 
of heat transfer as the flue gases become cooled. 

Additional heating surfaces are provided in boiler shells by the use 
of tubes. Fire-tube boilers are those in which the hot gases pass 
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through tubes which are surrounded by water. The reverse is true 
in water-tube boilers where the water circulates through tubes which 
have their outer surfaces exposed to the travel of hot gases. Most 
boiler manufacturers use the outside diameters of the tubes employed 
in estimating the heating surfaces provided by the tubes. 

The amount of heating surface provided in heating boilers per square 
foot of grate area is generally very much less than that provided in 
power-boiler installations. Power boilers usually have from 40 to 
60 sq ft of heating surface per square foot of grate area. For heating 
boilers the ratio may be between 12 to 1 and 50 to 1, the greater num¬ 
ber of boilers having heating-surface grate-area ratios varying between 
18 to 1 and 30 to 1. The effect of a small ratio of heating surface to 
grate area is to lower the operati ig efficiencies when the boiler is driven 
hard to produce a given output. 

176. Boiler Classifications. Heating boilers are built in a wide 
variety of designs. In the limited space here available it is impossible 
to describe all the different units available. One or more of the fol¬ 
lowing classifications may be applied to any heating boiler: 

Materials, cast-iron and steel 

S(*ttinKSi brick set and portable 

Tubes, fire tube and water tube 

Flue-gas trav(‘l, single pass and multiple pass 

Draft, direct up-draft and down-draft furnaces 

Special, boilers with a magazine feed for coal, etc. 

oil-burning units with an integral burner 
units especially designed for the burning of gas 

C^ast-iron boilers are never provided with brick settings, with the 
possible exception of a brick base, and generally the base is of cast iron. 
Certain steel boilers with internal fireboxes have a brick enclosure 
about them, and the gases having passed from the furnace through the 
fire tubes arc made to flow over the outside of the shell within the 
brickwork. Steel boilers of the portable type have an internal firebox 
surrounded by water legs, and rest either on a cast-iron or a brick 
base beneath the firebox, the opposite end of the boiler being supported 
by a pedestal. These boilers have no enclosing brickwork. 

In single-pass boilers the flue gases pass directly through the flues to 
the smoke outlet without reversal of direction of flow. When the flue 
gases from the furnace are made to travel back and forth through the 
gas passageways of the boiler the multiple-pass effect is secured. Such 
an arrangement may embody the principles of the horizontal return- 
tubular type of power boiler; it may involve passage of the gases from 
the furnace outlet at the rear of the boiler through flues to the front 
of the boiler and thence through other flues to the smoke outlet. 
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Direct updraft units have only a single grate in the firebox, and most 
of the air for combustion purposes passes upward from beneath the 
grate and through the fuel bed on the grate. The down-draft furnace 
has two grates, a water-cooled upper grate upon which the fuel is 
fired and a lower grate upon which fuel is not fired but which catches 
the drippings from the upper grate. A good fire of incandescent fuel 
is maintained on the lower grate, which r.^cebvs its air supply through 
the ashpit beneath it. Air for combustion purposes is admitted above 
the green fuel on the upper grate and passes downward through it. 
The fuel placed on the upper grate burns on the lower side, and the 
volatile materials distilled from the fresh fuel and the smoke are 
carried downward over the hot lire on the lower grate where they are 
consumed. This arrangement promotes smokeless combustion. 

Magazine boilers have a large fuel-carrying capacity and are so 
arranged that as the fuel is consumed it is replaced by fuel auto¬ 
matically moving down from the fuel-storage space of the boiler. 
Special oil-burning units have furnaces 
and heating surfaces adapted to the 
best utilization of oil as a fuel and are 
generally fitted with a burner and con¬ 
trols best suited to the boiler. Such a 
unit is usually very compact and is en¬ 
closed by an insulated casing. Special 
boilers for gaseous fuels are generally 
sectional, each section having its indi¬ 
vidual burner. Effort is always made 
to break up the flue gases into thin 
streams and to bring these streams into 
close contact with sufficient heat-absorb¬ 
ing surfaces to secure the maximum 
efficiency of operation. Ordinary heat¬ 
ing boilers, both cast-iron sectional and 
steel units, may also be used with prop¬ 
erly fitted oil and gas burners, and 
stokers. 

176. Cast-Iron Heating Boilers. 

These units are built in sizes ranging 
from very small up to those of moderate size capable of developing 
possibly 130 boiler horsepower. Cast-iron boilers are always con¬ 
structed of sections joined together by some form of nipple or 
header connections. Cast-iron boilers may be further subdivided as 
those of the round type and those of the square type. 



Fig. 108. Round sectional 
cast-iron steam boiler. 
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Round boilers vary somewhat in construction but in general are 
typified by the unit shown in Fig. 108. Such an assemblage has a top 
section A in which the outlets and safety-valve tappings are located, 
a number of intermediate sections R, C, depending upon the amount of 
heating surface required, a firepot or furnace section D in which the 
return tappings are located, and a base or ashpit section E which does 
not have any water space. The sections that confine the water or 
water and steam are fastened together with tapered nipples, and the 
sections under pressure are prevented from pulling apart by bolts or 
rods as indicated. Such units are small and compact and are built 
in sizes capable of supplying up to 1700 sq ft of standard steam radia- 



Fig. 109. Square sectional cast-iron sti am boiler. 

tion at their outlets. The return and outlet tappings are equal in 
number and size. 

Square sectional boilers in general are of the order of the unit illus¬ 
trated by Fig. 109. The assemblage consists of fronli and rear sec¬ 
tions together with a number of intermediate sections depending upon 
the size of the boiler. Square sectional boilers range in size from very 
small units up to the largest sizes with 30 sq ft of grate area. The 
sections of large boilers may be composed of two pieces, and the 
various sections are always connected together at their tops and at 
their bottoms on each side, either by nipples of the push type or by 
an outside header at the top and at both sides of the bottom. When 
push nipples are used the sections are firmly held together by rods 
and nuts. 

The number of top outlets to which piping is connected depends 
upon the size of the boiler and its method of fastening the sections 
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together, i.e., either push-nipple or outside-header connections. The 
return tappings may be located in the rear section, in the sides of cer¬ 
tain sections, both in the sides of the sections and the rear section, and 
in the return headers on both sides of the boiler when such headers 
are used. 

Another example of a square-type cast-iron sectional boiler is the 
wet-bottom unit shown in Fig. 110. The boiler illustrated has a row 
of nipple connections between its sections both at their tops and their 


Water- 
heater 
coil 

Top 

nipples 

Cast-iron 

Nf'ction 

with 

ribbed 

surface 

Casing 
with ' 
insulation 

Uil burner 

Refractory 

lined 

combustion 

chamber 



Tie rod 
Bottom nipples 


(National Radiator Co.) 

Fk;. no. Wet-bjisc sectional cast-iron liot-watt*r boiler. 


bottoms. Another form of wet-bottom boiler eonstruction has two 
rows of connecting nipples at the bottoms of the boiler vsections and 
one row at their tops. The cast-iron boiler of Fig. 108 has a separate 
base which does not confine water and requires a floor of fireproof 
construction beneath it. When a wet-bottom boiler is used with either 
oil or gas as a fuel the furnace is completely surrounded by water- 
filled portions of its sections; those units which operate burning 
hand-fired solid fuels have water-cooled ashpit bottoms and sides. 
Wet-bottom boilers are built in relatively small units for both steam 
and water service and may be installed upon wooden floors. One 
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field of application of wet-bottom boilers is in hot-water heating sys¬ 
tems placed in residences which do not have basements. 

All heating boilers should be well insulated. This insulation may 
consist of either plastic material applied to the boiler or a blanket of 
insulation, such as mineral wool, which is covered with an enameled 
steel jacket. Plastic insulation may be either troweled smooth and 
left without further finish or it may be covered with canvas and 
painted. 

177. Capacity Ratings of Cast-Iron Boilers. The manufacturers of 
such equipment express the output of the units in terms of either Btu 
per hour or square feet of standard radiation. This latter item may 
be square feet of standard steam radiation, 240 Btu per hr, and square 
feet of standard hot-water radiation, 150 Btu per hr per sq ft. Care 
must always be taken to note whether the output given is that at the 
boiler outlets or nozzles or whether the capacity given is that which 
the boiler is to supply in the building when certain allowances have 
been made for piping losses and other factors. 

Many manufacturers list a part or all of their boilers with data 
pertinent to I = B = R gross output and I = B = R net rating in square 
feet of steam and hot-water radiation, either of which can be expressed 
in terms of Btu per hour. The code^ of the Institute of Boiler and 
Radiator Manufacturers designates prescribed methods for testing 
and rating cast-iron heating boilers, except those of the magazine 
type, for conditions of both hand and automatic firing. 

Hand-fired boilers under test must develop an overall efficiency 
of 58 per cent or more with anthracite coal having a heating value 
of 13,000 Btu per lb on a dry basis. Limits are set for chimney area 
and height, draft in the stack, and the minimum time that an available 
fuel charge will last when it is burned with a combustion rate sufficient 
to produce the listed I = B = R gross output. When the fuels are cither 
bituminous coal or coke the same specifications as regards heating 
value of the fuel and the other limitations apply. 

Oil-burning boilers must operate with a minimum overall efficiency 
of 68 per cent and a maximum temperature of 600 F for the flue gases 
leaving the boiler; the burner adjusted to give 10 per cent CO 2 (with 
variations of ±0.2 per cent); heat release in the furnace not to exceed 
80,000 Btu per hr per cu ft; and draft losses not to be greater than a 
designated amount. Stoker- and gas-fired units are rated with the 
same output as oil-fired boilers unless the gas-fired boilers have been 

' “I =B =*R Testing and Rating Code for T.ow Pressure Heating Boilers,” Third 
edition, the Institute of Boiler and Radiator Manufacturers, 60 East 42nd Street, 
New York, N. Y., July 1945. 
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Boiler 

Num¬ 

ber, 

Steam 

or 

Water 

Num¬ 
ber 
and 
Size of 
Out¬ 
lets, 
In. 

N um¬ 
ber 
and 
Size of 
Inlets, 
In. 

Dimension, 

In. 

Base 
Inside 
Length, t 
In. 

Num¬ 
ber of 
Grate 
Bars 

Section Assembly 

A—Front with 1-3-in. 
flow tap 

B—Back with l-3-in. 
flow and 2-3-in. re¬ 
turn taps 

CT—Intermediate 
with safety valve 
and regulator tap 

C—Interrnediati*, plain 

A 

R 

L 

167* 

2-3 

2-3 

14 

15j 

2li 

19| 

4 

167*—A-CT-B 

267* 

2-3 

2-3 

18 


25i- 

23| 

5 

267*—A-C-CT-B 

367* 

2-3 

2-3 

22 

23i 

20-i 

27f 

6 

367*—A-C-(^-GT-B 

467* 

2-3 

2-3 

26 

27i 

33i 

3ii 

7 

467*—A-C-C-C-CT-B 


* Substitute S for steam, W for water. 

t Base inside, width between ribs 26|^ in., height 14 in. Length of bars for 
hearth support 28^ in. 

{WeiUMcLain Co.) 

Fig. 111. Dimensions of sectional cast-iron boilers. 
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rated by the American Gas Association. Under such conditions the 
AG A rating is used. 

The I = B = R gross-output rating is the total output of the boiler, 
while the I = B = R net rating is the capacity that the boiler may supply 
when allowances have been made for piping losses of the system and 
a pickup factor. For hand-fired units the piping losses and the pickup 
factor together range from 2.36 for boilers having a gross I = B = R rat¬ 
ing of 56,600 Btu per hr to 1.40 for boilers having a gross I = B = R rat¬ 
ing of 6,720,000 Btu per hr. For automatically fired boilers the 
combined factors range from 1.56 to 1.288 when the net capacities are 
from 100 to 20,000 sq ft of steam edr. Thus a hand-fired boiler having 
a gross I = B = R output of 6,720,000 Btu per hr has a net 1 = B = R rat¬ 
ing of 6,720,000 1.40 = 4,800,000 Btu per hr or 20,000 sq ft of steam 

edr. For an automatically fired installation the gi oss I = B = R output 
to give the net rating of 20,000 sq ft of steam edr is 6,182,000 Btu per 
hr. Numerically 6,182,(X)0 -r 1.288 = 4,800,000 Btu per hr or 20,000 
sq ft of standard steam radiation. 

For boilers not rated by the foregoing I = B = R methods the Heating, 
Piping and Air Conditioning National Association expresses ratings 
based on their physical characteristics. These net steam ratings are 
made on the basis that each square foot of grate area will always give 
a definite amount of capacity. The American Gas Association ratings 
are based on performance tests. The ASHVE lias a number of codes 
which outline the methods of testing hand-, stoker-, and oil-fired boilers. 
From the data of tests run under the prescribed conditions the operat¬ 
ing efficiencies and performances of heating boilers may be ascertained. 

178. Ratings and Physical Dimensions of Commercial Cast-Iron 
Boilers. The ratings of Table 64 and the dimensions and other items 
indicated by Fig. Ill are typical of the data in catalogs supplied by 
the builders of cast-iron heating boilers which have been given I = B = R 
ratings. 

179. Advantages and Disadvantages of Cast-Iron Boilers. The con¬ 
struction of sectional boilers allows the various parts to be taken 
through ordinary doorways for assembly in the boiler room. This is 
a distinct advantage both in a new installation and in the repair of 
damaged boilers. Cast iron resists the action of corrosive agents 
much better than steel. Many cast-iron steam boilers have a low 
water line, which is a great advantage, especially where gravity-return 
steam-heating systems are used, as structural conditions of the boiler 
room may preclude the use of a boiler with a high water level or else 
make a boiler pit necessary. 
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TABLE 64 

Capacity Ratings of Well-McLain Number 67 Series Cast-Iron SguAiiE 
Sectional Boilers for All Fuels 


Hand Fiml 


Boiler 
Number 
Steam 
or Water 

Not I = 

= B = 11 Ratings* f 

Gross 

I = B=R 
Outi lO, 
Btu per 
Hr 

Grate 

Area, 

Sq Ft 

(/himney 

Steam, 
Sq Ft 

■ 

Water, 
Sq Ft 

Btu 
per Hr 

Size, 

In. 

Height, 

Ft 

l67-t 

2<)0 

4f)r) 

70,000 

162,000 

2.38 

8X8 

30 

267-t 

380 

610 

91,000. 

208,000 

2.91 

8X8 

35 

367-t 

470 

755 

113,000 

252,000 

3.44 

8 X 12 

35 

467-1 

560 

900 

134,000 

295,000 

3.97 

8 X 12 

40 


Stoker Fired 


Boiler 
Number 
Steam 
or Water 

Net 1 = 

= B = R Ratings* t 

Gross 

1=B-R 

Output 

Btu 

Per Hr 

I=B = H 
Burner 
Capacity, 
C’oal, Lb 
Per Hr 

('hirnney 

Steam, 
S(i Ft 

Wat('r, 
S(i Ft 

Btu 
per Hr 

1 Size, 

In. 

Height, 

Ft 

K-267-t 

440 

705 

106,000 

161,000 

18.0 

8X8 

35 

K-367-t 

530 

850 

127,000 

192,000 

21 .0 

8 X 12 

35 

K-467-t 

620 

990 

119,000 

223,000 

25.0 

8 X 12 

35 


Oil Fired 


Boiler 
Number 
Steam 
or Water 

Net I 

= 11 = 11 UiitiriKs* 

Gross 

1=B=R 

Output, 

Btu 

Per Hr 

I = B=R 
Burner 
Capacity, 
Oil Gal 
Per Hr 

('himupy 

Steam, 
Sq Ft 

Water, 
Sq Ft 

Btu 
per Hr 

Size 

In. 

Height, 

Ft 

0-167-t 

350 

560 

84,000 

129,000 

1.25 

8X8 

30 

0-267-1 

440 

705 

106,000 

161,000 

1.60 

8X8 

35 

0-367-t 

530 

850 

127,000 

192,000 

1.95 

8 X 12 

35 

0-467-t 

620 

990 

149,000 

223,000 

2.25 

8 X 12 

35 


* Net I = B = R ratings are based on net installed radiation of sufficient quantity 
for the requirements of the building, and nothing need be added for normal piping 
and pickup. No allowance has been made for domestic water heating, 
t For coal of 13,000 Btu per lb. 
t Substitute S (for steam), W (for water). 







Protection wall 
for blow-off 



Fia. 112. Horizontal return-tubular boiler. 

181. Horizontal Retum-Tubular Boilers. A longitudinal view of a 
return-tubular boiler and setting is shown by Fig. 112. This type of 
boiler, which may be used for either power purposes or steam heating, 
is brick set and is a fire-tube unit. The furnace, which is external to 
the shell, consists of the grates, the bridge wall, and the combustion 
space. The ashpit is beneath the grate. Access to the furnace and the 
ashpit is through the firing and ashpit doors located in the boiler setting 
front. The front and sides of the furnace are lined with firebrick. 
The boiler shell is most satisfactorily supported by steel columns and 
hangers as shown by Fig. 112. Small units may be supported directly 
by the brickwork of the setting. 
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The hot gases pass over the 
bridge wall along the under side 
of the shell to the rear of the 
setting and then through the 
fire tubes in the lower part of 
the shell to the front of the 
boiler. From the front end of 
the tubes the gases pass to the 
smokebox and then into 
the breeching connected to 
the stack. 

These units are built in sizes 
ranging from 36 in. in diameter 
and 8 ft long to 84 in. in diam¬ 
eter and 20 ft long. The maxi¬ 
mum working pressure for 
power purposes ranges up to 
175 psig and that for heating 
purposes alone up to 15 psig. 
The horsepower capacities vary 
from 15 to 350, and the capaci¬ 
ties in square feet of standard 
steam radiation range from 
2100 to 45,000 at the boiler 
outlet. 

182. Small Round and Rec¬ 
tangular Steel Boilers. The 

small steel boilers of Figures 

113 and 114 embody in their 
construction the welding to¬ 
gether of steel plates and tubes. 
The round boiler of Fig. 113 is 
suitable for small residences 
and comparable structures. 
The rectangular boiler of Fig. 

114 is adapted to usage in large 
residences, stores, garages, and 
churches. The round boilers 
are usually fitted with an in¬ 
sulated jacket; the square 
boilers may or may not have a 
surrounding jacket. These 




{Kewanee Boiler Corp.) 

Fig. 114. Square type-R steel heating 
boiler. 
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boilers Siie updraft units in wbicli th.e Hue gases make two passes 
through the firetubes. Rating and other data are given for small 
rectangular units in Table 65. 

183. Portable Steel Boilers. The oil-fired steel boiler of Fig. 115 
has an internal firebox or furnace surrounded by water legs. The 
boiler illustrated is an updraft unit with two passes for the flue gases 
through its firetubes. These boilers re^^ on either a steel or a brick 
base and have no outside brickwork. Refractory brickwork is installed 



{Pacific Steel Boiler Division, United States Radiator Corp.) 

Fig. 115. Oil-fired steel heating boiler. 

within the base in the oil-burning unit shown by Fig. 115. Rated 
capacities and physical dimensions of the boiler of Fig. 115 are given 
in Table 66 for both hand-fired and automatically fired operations. 

184. Ratings of Steel Boilers. The Steel Boiler Institute, Inc., a 
manufacturers’ organization, has a code which embodies specific direc¬ 
tions for the testing of and the empirically rating of both hand-fired 
and mechanically fired steel heating boilers. The code classifies steel 
boilers into two general groups which are commercial and residential. 
The term commercial applies to large-size boilers while the designa¬ 
tion residential size is given to those units which have less than 177 sq 
ft of heating surfaces and which have steam ratings of not more than 
2480 sq ft edr when hand fired and 3000 sq ft when mechanically 
fired. As with other boilers the emission of 240 Btu per hr with steam 
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and the output of 150 Btu per hr with hot water constitutes one square 
foot of equivalent direct radiation, edr. The rating of a boiler in 
terms of hot-water capacity is times its steam capacity. For 
either commercial or residential hand-fired steel boilers the net steam 
ratings are not to exceed 14 times their heating surfaces and when 
stoker, oil, or gas fired the steam ratings shall not exceed 17 times 
their heating surfaces, which are always expressed in terms of square 
feet. The ratings for hand-fired units are made on the basis of coal 
having a heating value of 13,000 Btu per lb as fired. When the fuel 
used has a heating value less than 13,000 Btu per lb the rating of a 
given boiler must be reduced accordingly or else a boiler with a greater 
rated capacity must be chosen to care for a given load. 

In connection with boiler-capacity listings two terms are used; these 
are SBI Rating and SBI Net Rating. The SBI Rating denotes the 

TABI.E 66 

Mkasuremknts and Ratings of Pacific Steed Heating Boilers for Hand or 

Automatic Firing 
Hand Fired 





One Boiler 

Two Boilers 






SBI 

ITciffht 





Orate 
Area, 
Sq Ft 

Heating 
Surface, 
S<i Ft 

Size 

Outlet, 

In. 

Size 

Return, 

In. 

Catalog 

Number 

Rating, 
Sq Ft 
Steam 

Water 

Line, 

In. 

Diam. 

Stack, 

HciKht 

Stack, 

Diam 

Stack, 

Height 

Stack, 




In. 

Ft 

In. 

Ft 





2922 

2,200 

59 J 

15 

45 

20 

55 

8.9 

158 

6 

3 

2923 

2,600 

59 i 

16 

50 

22 

60 

9.7 

186 

6 

3 

2924 

3,000 

59.1 

16 

.50 

22 

60 

10.5 

215 

6 

3 

3321 

3,500 

68 J 

17 

55 

23 

65 

11.4 

250 

6 

3 

3322 

4,000 

685 

18 

55 

>4 

65 

12.2 

286 

6 

3 

3323 

4,500 

68^ 

19 

55 

26 

65 

13 4 

,322 

6 

3 

3324 

5,000 

685 

20 

60 

27 

70 

14.5 

358 

6 

3 

4021 

6,000 

68 

21 

60 

28 

70 

16.4 

4J9 

8 

4 

4721 

7.000 

78 

22 

65 

29 

75 

18.1 

500 

8 

4 

4722 

8,500 

78 

24 

65 

32 

75 

20.5 

608 

8 

4 

5221 

10,000 

82 

26 

70 

35 

80 

22.5 

715 

8 

4 

5222 

12,500 

82 

28 

75 

37 

85 

25.6 

893 

8 

4 

6021 

15,000 

90 

29 

75 

39 

85 

28.4 

1072 

8 

4 

6022 

17,500 

90 

31 

80 

41 

90 

30.9 

1250 

8 

4 

6721 

20,000 

081 

33 

80 

44 

90 

33.2 

1429 

8 

4 

6722 

25,000 

985 

36 

95 

48 

105 

37.4 

1786 

10 

6 

7521 

30,000 

106 

38 

05 

51 

105 

41.2 

2143 

10 

6 

7522 

35,000 

106 

40 

120 

53 

130 

44.7 

2500 

10 

6 
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TABIjE 66 (Continued) 
Automatically Fired 



SBI 

Height 

Water 

Line, 

In. 

One Boiler 

Two Boilers 

Gross 

Firebox 

Volume 

Heat- 

Size 

Out¬ 

let, 

In. 

Size 

Re¬ 

turn, 

In. 

Catalog 

Number 

Rat¬ 
ing, 
S(i Ft 
Steam 

Diam. 

Stack, 

In. 

Height 

Stack, 

Ft 

Diam. 

Stack, 

In. 

Height 

Stack, 

Ft 

Base 
Vol¬ 
ume, 
Cu Ft 

Above 

Base, 

Ft 

SBI 

Mini¬ 

mum 

Cu Ft 

ing 
Sur¬ 
face, 
Sq Ft 

2982 

2.680 

59 i 

15 

35 

20 1 

45 

11 

24 

19.2 

158 

6 

3 

2983 

3, KiO 

59^ 

16 

35 

22 i 

45 

13 

28 

22 6 

186 

6 

3 

2984 

3,650 

59^ 

16 

40 

22 

50 

15 

32 

26.1 

215 

6 

3 

3381 

4,250 

08i 

17 

45 

23 

55 

15 

34 

30.4 

250 

6 

3 

3382 

4,860 

68j 

18 

45 

21 

55 

17 

39 

34.8 

286 

6 

3 

3383 

5,470 

681 

19 

45 

26 

55 

19 

43 

39 1 

322 

6 

3 

3384 

6,080 

68i 

20 

50 

27 

60 

21 

47 

43.5 

358 

6 

3 

4081 

7,290 

68 

21 

50 

28 

60 

27 

69 

52.1 

429 

8 

4 

4781 

8,500 

78 

22 

50 

29 

60 

26 

78 

60.8 

500 

8 

4 

4782 

10,330 

78 

24 

60 

32 

70 

31 

93 

73.8 

608 

8 

4 

5281 

12,150 

82 

26 

55 

35 

65 

34 

106 

86.8 

715 

8 

4 

5282 

15,180 

82 

28 

65 

37 

75 

42 

129 

108 5 

893 

8 

4 

6081 

18,220 

90 

29 

65 

39 

75 

43 

142 

130.2 

1072 

8 

4 

6082 

21,250 

90 

31 

70 

41 

80 

51 

168 

151.8 

1250 

8 

4 

6781 

24,290 

98^ 

33 

70 

44 

80 

67 

192 

173.5 

1429 

8 

4 

6782 

30,360 

98^ 

36 

85 

48 

95 

83 

236 

216.9 

1786 

10 

6 

7581 

36,430 

106 

38 

80 

51 

90 

87 

255 

260.3 

2143 

10 

6 

7582 

42,500 

106 

40 

100 

53 

no 

101 

295 

303.6 

2500 

10 

6 


estimated design load that a boiler will carry. This load is the sum 
of the following items: (a) the calculated square feet of equivalent 
direct radiation necessary to heat the building as determined by com¬ 
monly accepted methods of estimation; (5) the maximum water heating 
load and that of other apparatus connected to the boiler, square feet 
edr; and (c) the estimated heat emission of piping to radiators and other 
apparatus connected to the boiler expressed in terms of equivalent 
direct radiation. Each of the foregoing items as well as their sum may 
be expressed in heat units per hour. The SBI Net Rating is the net 
load the boiler will carry as represented by the sum of (a) and (6), 
except that when the heat losses from the piping exceed 20 per cent of 
the installed radiation the excess is considered as additional net load. 

In general the volume of furnaces in which solid fuel is burned is the 
cubical content of the space between the bottom of the fuel bed and 
the first plane of entry into or between the tubes. For those furnaces 
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in which either pulverized, liquid, or gaseous fuels are burned the 
volume is that between the hearth and the first plane of entry into or 
between the tubes. Grate area, expressed in square feet, is measured 
in the plane of the top surface of the grate. In double-grate boilers 
the total grate surface is taken as the sum of that of the upper grate 
and one-fourth of that of the lower grate. The following equations 
apply to commercial boilers in the determination of the proper grate 
area (7, in square feet, based on 8BI ratings of R sq ft edr. For 
boilers having R ranging from 1800 to 4000 sq ft edr steam, 


_ Jf- 200 


( 88 ) 


and for those with 4000 sq ft of steam edr or greater 



(89) 


Stoker-fired bituminous coal, pulvcrized-fuel, oil-, and gas-burning 
commercial boilers must have furnace volumes which have not. less 
than one cubic foot of space for each 140 sq ft of SBl steam rating. 
No limitation is placed on the volume of the furnace of a mechanically 
fired anthracite-coal-burning boiler. The furnace height of a com¬ 
mercial boiler is the vertical distance from the bottom of the water leg 
to the crown sheet, measured between the sidewalls and midway 
between the front and the back (bridge wall when used) of the furnace. 
The code provides data for minimum heights for various capacities 
and when necessary the boiler is to be set upon an extended base to 
secure the required height. 

Residential oil-fired boilers shall operate with a burner set to pro¬ 
duce 10 per cent CO 2 (±0.20 per cent) in the flue gases, and when 
operating at 150 per cent of the SBI net rated capacity the tempera¬ 
ture of the escaping flue gases shall not exceed (500 F, the combined 
efficiency of the burner and the boiler shall not be less than 70 per 
cent, and the draft differential between the breeching and the firebox 
shall not be more than DL = {NR/200) + 4 where DL is the draft 
loss in hundredths of an inch of water and NR is the SBI net rating 
in square feet of steam radiation. This limitation does not apply to 
boiler-burner units integrally constructed with refractories and pro¬ 
vided with means to overcome higher draft losses. A minimum fur¬ 
nace volume of one cubic foot per 110 sq ft of steam SBI net rating 
is also necessary except in those boiler-burner units of integral con- 
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struction. Stoker- and gas-fired units siiall not have ratings in excess 
of those for oil-fired boilers. 

The following equation gives an expression for the grate area G, 
in square feet, for a hand-fired residential steel heating boiler 


G = 




(90) 


where NR is the SBT net rating in square feet of steam radiation. 
The firebox volume of a residential boiler used in determining coal- 
storage capacity is the volume bet ween the grate and the crown sheet. 
The volume of the uptake, the upper combustion chamber, and that 
beyond the front face of the bridge wall is not included. The firebox 
volume FVy expressed in cubic feet, is not to be less than 


FY = 




NR + 90 


— 5.5 


(91) 


186. Heating Boiler Tests. The operating characteristics and the 
performances of heating boilers can best be determined as the result 
of actual tests in which sufficient and accurate observations and data 
are taken. The details of the necessary equipment, the methods of 
procedure, the observations to be made and all the calculations 
involved in the testing and determination of the performance of a 
heating boiler are beyond the scope of this book. The reader is 
referred to the various existent codes^’ ® for testing and rating 
heating boilers. Boiler performances, as determined by tests under 
various operating conditions, can be shown graphically by curves 
similar to those of Fig. 116. 

186. Boiler Capacity and Efficiency. The capacity of a steam 
boiler equals the hourly heat input to the delivered steam formed 
divided by 240. This expression gives the capacity in square feet of 
standard steam radiation. For hot-water heaters the capacity in 
square feet of standard water radiation is obtained by dividing the 
hourly heat output by 150. 

2 = B ==R Testing and Rating Codes for Low Pressure Heating Boilers/' 1945. 

®“ASHVE Standard and Short Form Heat Balance C/odes for Testing Ix)w 
Pressure Steam Heating Solid Fuel Boilers, C^des 1 and 2, 1929. 

* “ASHVE Performance Test Code for Steam Heating Solid Fuel Boilers," 
Code 3, 1929. 

^ “ASHVE Standard Code for Testing Steam Heating Boilers Burning Oil 
Fuel," 1932. 

ASHVE Standard Code for Testing Stoker-Fired Steam-Heating Boilers," 

1938. 
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The hourly heat output of a steam boiler is 


H — {hf + xhfg ■— hfi)Wy) (92) 


where hf — enthalpy of the liquid of the steam at the absolute boiler 
pressure, Btu per lb. 

X = quality of the steam at the boiler outlets. 
hfg = enthalpy of evaporation of the steam at boiler pressure, 
Btu per lb. 

hfi = enthalpy of the liquid of the feedwater, Btu per lb. 

ITiy = weight of water evaporated per hour, lb. 


The capacity of a steam boiler in terms of square feet of standard 
steam radiation is 


S = 


(. hf "h xh jg hf\)W xo 

240 


(93) 


Manufacturer’s catalogs usually state capacities for boilers in terms 
of square feet of both steam and hot-water equivalent direct radiation. 
The water capacities so listed are very close to times the steam 
capacities. The automatically-fired boiler 3ft 1 of Table 05 has a 
rated steam capacity of 900 sci ft and a water capacity of 1440 sq ft 
edr, which is equal to 900 X y4^-. 

For boilers tested as hot-water heaters the total heat output H per 
hour is 

H = (A/2 — hfi)Wy, (94) 

where hfi = enthalpy of the liquid of the Avater entering the boiler, 
Btu per lb. 

hf 2 = enthalpy of the liquid of the water leaving the boiler, 
Btu per lb. 

= weight of water heated per hour, lb. 

For a water boiler the capacity in square feet of radiation is 


S = 


(hf2 - hfl)W ^ 

150 


(95) 


The overall efficiency Eb of a boiler unit, including the furnace and 
grates, when grates are required, is the ratio of the heat output to the 
heat of the fuel charged to the furnace in a given interval of time. 
Thus for a steam boiler the overall efficiency Eb in per cent is 


E, 


WfXF 


X 100 


(96) 
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and for a hot-water heater or boiler 


_ (hfi - hfi)Wy, 

WfXF 


X 100 


(97) 


where W/ = weight of fuel fired per hour, lb. 

F = heating value of fuel as fired, Btu per lb. 

When either gas or oil is used as a fuel d e total quantity in the denom¬ 
inators of equations 96 and 97 is the units of fuel used per hour times 
the heating value of the fuel per unit. 

The overall efficiency generally increases as the capacity developed 
increases until a maximum efficiency is obtained at some load and then 
decreases as the load is further increased. The decrease of efficiency 
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Fig. 116. Performance curves for a hand-fired cast-iron sectional heating boiler. 
Grate area 7.15 sq ft, heating value of coal 12,500 IHu per lb. 


after the maximum is reached is due to the inability of the heating 
surfaces to absorb the heat with resultant higher outlet flue-gas tem¬ 
peratures and greater heat losses to the stack. This has an important 
bearing in the selection of a heating boiler, for if a boiler is selected 
on the basis of a high rated capacity it may be uneconomical because 
of its low operating efficiency. Heating boiler overall efficiencies 
range from 50 to 70 per cent. 

Figure 116 gives the performance curves for a typical hand-fired 
solid-fuel-burning heating boiler when operated with various outputs. 
Note that as the output is increased the time that the fuel charge will 
last is decreased, the draft requirements become greater, and the 
temperatures of the escaping flue gases rise. 

187. Boiler Horsepower. Sometimes it may be desirable to express 
the capacity of a steam boiler in terms of boiler horsepower as well as in 
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terms of standard square feet of radiation. In the calculation of boiler 
horsepower a term known as etjuivalent evaporation may be used. 
Equivalent evaporation is the pounds of dry steam that would have 
been formed by the heat added had the feedwater been supplied at a 
temperature of 212 F and converted into steam at the same tempera¬ 
ture. Thus the evaporation of the water would have been from and 
at 212 F, and the heat added per pound of water would have been the 
latent heat of evaporation at 212 F. The latter quantity is 970.3 Btu 
per lb. The equivalent evaporation per pound of feedwater evapo¬ 
rated under actual conditions is the factor of evaporation FE and is 


FE = 


hf -I- xhfg — h/i 


(98) 


The heat symbols of equation 98 are the same as those of equation 92. 

A boiler horsepower is defined as the equivalent evaporation of 
34.5 lb of water per hr from and at 212 F, and its heat equivalent is 
34.5 X 970.3 = 33,475 Btu per hr. 


i:> *1 I (^V //^/^\ 

Boiler horsepower = - 3 - 

The equivalent of a boiler horsepower in terms of standard steam 
radiation is 33,475 -r 240 = 139.5 sq ft at the boiler nozzles or outlets. 

188. Boiler Heating Load. The proper selection of a boiler or 
boilers for a heating installation cannot be made until the total load 
imposed at the boiler outlets is determined. This load may be 
expressed in either Btu per hour or the equivalent square feet of direct 
radiation surface that must be supplied. 

The maximum boiler load includes: 

1 . The heat supplied to all heated spaces by all forms of heat- 
emitting units such as direct radiators, convectors, unit heaters, unit 
ventilators, and hot-blast systems. This load is for the plant design 
conditions with respect to both indoor- and outdoor-air temperatures. 

2. Heat lost from all steam and water piping both insulated and 
uninsulated. 

3. The loads imposed by water heaters, steam tables, etc. This 
class of service may be a very heavy one, and strict attention must 
invariably be given to its magnitude. 

4. The heat necessary to bring the building walls and contents, 
including the radiators and piping, up to the working temperatures 
when the structure is allowed to cool during the night or between 
periods of usage when the heating is intermittent. 
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5. The extra heat given off by the piping and heat disseminators 
during warming-up periods due to the reduced room temperatures. 

The total of the first three items is the normal design load that the 
boiler plant must handle in the coldest weather when the heating opera¬ 
tions are continuous, 24 hr per day. If the building is operated with 
reduced air temperatures during the night or if the building is heated 
intermittently, i.e., only one, two, or three days per week, as may be 
true of a church, then items 4 and 5 must be added as a starting-up 
allowance to the normal design load. Warming-up allowances to be 
added to the design load hs recommended by the American Society 
of Heating and Ventilating Engi».eers are given by Table 07. 

TABT.K 67 

\Varmtn(j-Up Allowan(^ks for Low-Pressttre iSteam and Hot-Water 
Heating Boilers* f 

Dosign Tjoad RepresLiiting Summation of 
Items 1, 2, and SJ 

tkiuivalent Sq Ft of St(‘am P(*r(*entago Capacity to 
Btu per Hr Radiation | Add for Warming Up 

Up to 100,000 Up to 420 65 

1 00,000 to 200,000 420 to 840 60 

200,000 to 600,000 810 to 2,500 55 

600,000 to 1,200,000 2,500 to 5,000 50 

1 ,200,000 to 1,800,000 5,000 to 7,500 45 

Ahovv. 1,800,000 Above 7,500 40 

* Copyriglit, American Society of Heating and Ventilating Engineers, ASHVIO 
Code of Minimum Requirements for the Heating and Ventilation of Buildings, 
1020. 

t This tabh; nders to hand-fired solid-fuel boilers. A factor of 25 per cent over 
design load is adequate when oil or gas are used as fuels. 

t 240 Btu per sq ft. 

The estimated design load in terms of etpiivalent direct steam radia¬ 
tion is the load in Btu divided by 240. Whenever possible the water¬ 
heating load should be based on the pounds of water heated per hour 
and its temperature rise. If the water-heating load cannot be so cal¬ 
culated the following approximations may be used with discretion. 
Thus for water heaters, having firebox coils, the tank storage capacity 
in gallons is multiplied by 2 to approximate the square feet of equiva¬ 
lent direct steam radiation. When hot water from the boiler is passed 
through the heater ^ sq ft of steam radiation may be allowed for each 
gallon of water heated per hour. The equivalent of direct-indirect 
radiator surface is taken as 1.25 times the rated surface. 

Data relative to the calculation of piping losses are available in 
Chap. 9. Sometimes a flat allowance of 15 to 40 per cent in addition 
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to the installed load is made to cover piping and boiler losses. The 
smaller allowance is made for very large systems, the larger allowance 
for very small plants, and intermediate allowances for systems between 
very large and very small in size. 

189. Factors Affecting Boiler Selection. Local operating conditions 
largely influence the selection of a boiler. These include the nature of 
the service to be supplied, the chimney draft, the fuel, the boiler attend¬ 
ance, reserve capacity necessary, the possibility of the need for future 
extensions, and the amount and character of heating load, i.e., con¬ 
tinuous or intermittent. Because of the necessity of the use of certain 
fuels some boilers may not be suitable, and others may not operate suc¬ 
cessfully with the draft available. For some boilers, such as those for 
hospital work, 100 per cent reserve capacity may be necessary. Con¬ 
sideration should be given to the desirability of pro voiding two or more 
boilers in order to produce flexibility of operation and some reserve 
capacity in each boiler which may be available should a unit fail. 

190. Selection of Solid-Fuel-Buming Boilers. Article 188 indi¬ 
cates that the total load imposed on any boiler may accrue from two 
or more demands for heat. Therefore, in considerations of the ratings 
and capacities of both cast-iron and steel boilers and their applications 
in the selection of suitable and proper units, care must be taken to 
distinguish between such terms as gross output, net output, net load, 
design load, allowances made for piping losses, water-heating loads, 
and pick-up factor. Irrespective of how a boiler may be rated it 
must when in service be able to supply at its outlet nozzles the amount 
of heat necessary to satisfy all requirements made of it by the attached 
piping and equipment. When the factors involved are known the 
selection of a boiler may be made on one of the following bases: 

a. Published ratings given by the builder. 

b. Capacities based on physical characteristics of the boiler. 

c. Information obtained from actual output tests of the type of 
boiler desired. 

d. The required grate area of a hand-fired unit when due considera¬ 
tion is given to the heating surfaces, probable combustion rate, and 
expected operating efficiency. 

Method a may be followed if the exact basis of rating is known and 
if the published ratings are conservative so that low operating efficiency 
will not be concurrent with operation at the rated capacity. Uncer¬ 
tainty often exists in regard to the various allowances which may or 
may not have to be made relative to piping losses, starting conditions, 
and draft and fuel different from those of the rating specifications. 
Unless the actual operation of the boiler based on the published 
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capacity can be predicted with certainty it is desirable to make the 
selection on some other basis. 

Method b involves ratings given to boilers by the Heating, Piping, 
and Air Conditioning Contractors National Association and the Steel 
Boiler Institute. In both cases the capacity stated is the net load 
which the boiler will carry when allowances have been made for piping 
losses. The HPACNA ratings allow h certain amount of radiation 
per square foot of grate area. Where the grate area is fixed as for a 
round boiler and the heating surface is dependent upon the number 
of sections installed, additional capacity is credited to a boiler when 
additional sections are instuiled. The SBI rates steel boilers in terms 
of net load per square foot of heating surface. The design and opera¬ 
tion of a boiler have much to do with its actual performance. There 
is no assurance that boilers rated on physical characteristics alone will 
in all cases perform equally well. 

Method c leads to satisfactory results when the test data may be 
applied to the installation under consideration. The chief difficulty 
with this particular scheme lies in the fact that curves showing the 
performance of heating boilers at various outputs and operating con¬ 
ditions are often difficult to obtain. 

Method d is perhaps the best method of selection for hand-fired units. 
The engineer obtains, either as a result of his experience and judgment 
or from published data relative to conditions similar to those to be met, 
an estimate of the probable combustion rate and the operating effi¬ 
ciency that will be obtainable in the plant to be served. The combus¬ 
tion rate, of course, will be that possible with the chimney available 
when used with the type of boiler desired. The efficiency of operation 
will be dependent upon the kind, size, and heating value of the fuel, 
the method of firing, the character of the attendance given to the 
boiler, and the boiler itself as actually installed. The required grate 
area in square feet for solid-fuel hand-fired boilers is calculated as 


Ga 


The total boiler load, Btu per hr 
ReXF X Eb 


( 100 ) 


where Rc = the combustion rate per sq ft, lb per hr. 

F = heating value of the fuel, Btu per lb as fired. 

Eb = overall boiler efficiency expressed as a decimal. 

When the grate area is thus determined the choice between two 
boilers having the required grate area may be fixed by the selection of 
the one having the greater ratio of heating surface to grate area, as 
such a boiler will usually operate with lower flue-gas temperatures 
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at the smoke outlet, provided that the heating surface is well arranged 
with respect to the gas flow and the water circulates freely in the boiler. 
This method differs from that of selecting a boiler on the basis that 
each square foot of grate area will supply a given amount of radiation 
in that it takes into consideration the combustion rate, the heating 
value of the fuel, and the efficiency of operation. 

Heating-boiler combustion rates range from 3 to 20 lb per hr per sq 
ft of grate surface, depending upon the kind and size of the coal and 
the draft available. 

191. Selection of Oil- and Gas-Fired Boilers. Combustion condi¬ 
tions are different in the furnaces of oil- and gas-fired boilers from those 
which burn solid fuels. Most oil and gas burners are operated using 
the ^^on-and-off” method. When the burner is “on,^^ heat is released 
in the furnace at the maximum rate, and unless th.^ boiler has a suffi¬ 
cient amount of heat-absorbing surface the heat liberated may not be 
utilized to the fullest extent possible. During the off periods of burner 
operation care must be taken to prevent air from being drawn through 
the furnace and over the heating surfaces, for this would result in the 
loss of heat from the heated medium in the boiler to the air passing 
through the boiler and up the stack. This loss can be greatly reduced 
by an automatic damper in the base of the chimney or in the boiler- 
chimney connection which opens and allows air to flow into the 
chimney directly when the burner is not in operation. This by-pass 
action reduces the force of the draft. In solid-fuel-burning units, 
combustion proceeds at various rates as long as there is a fire in the 
furnace. With these units the maximum necessary heat release in 

the furnace occurs very much less 
frequently during the heating 
season than it does with oil- and 
gas-fired boilers, and thus there is 
less likelihood of unnecessary 
losses of heat in the flue gases. 

Boilers using either gas or oil as 
a fuel should have ample amounts 
of heating surfaces and combus¬ 
tion spaces. Where oil is the fuel 
used the furnace should have a 
refractory lining in the combus¬ 
tion chamber. 

In the selection of oil- and gas-fired boilers the manufacturer’s rat¬ 
ings are the bases used for boiler selection. If the engineer believes 
the stated ratings to be excessive for the operating conditions existent 



Fig. 117. Round cast-iron heating 
boiler ashpit section and grates. 
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then it is necessary for him to scale them down according to his experi¬ 
ence and judgment. 

192. Boiler Accessories and Auxiliaries. The grate bars of hand- 
fired boilers arc of several types. A common.type of base, forming the 




Eic. 118. Bourdon pressure gage. 

ashpit section, together with the grates for a round-type cast-iron 
sectional boiler, are shown by Fig. 117. 

Steam gages are usually of the Bourdon type as illustrated in Fig. 
118. Where the boiler may be operated at pres¬ 
sures less than atmospheric the gage should be 
compound in that both pressures above and 
below atmospheric may be measured. 

All steam boilers must have a safety valve 
which will discharge the maximum amount of 
steam that the boiler will generate when the 
boiler pressure exceeds a certain value. Safety 
valves are usually set to discharge steam at 5 to 
10 psig above the usual pressure carried. With 
cast-iron boilers the safety valve must function 
at a pressure not to exceed 15 psig. Figure 119 
illustrates a spring-loaded valve—the only type 
of valve that should be used. 

Damper regulators, though somewhat different 
for steam and hot-water service, usually consist 
of a bellows of corrugated metal which moves a lever to open and 
close the draft and check dampers. Steam regulators are actuated by 
steam pressure; hot-water regulators depend upon the volatilization 



Fig. 119. Safety 
valve. 




262 


HEATING BOILERS AND APPURTENANCES 



of a liquid within the bellows to produce an operating pressure. 

Typical damper regulators are 
shown by Fig. 120. 

Steam-heating boilers may or 
may not be equipped with a 
water column. One form of 
water column is shown by Fig. 
121 . ‘ The functions of the gage 
glass and the try cocks are to 
indicate the position of the 
water leA^el in the boiler. The 
try cocks check the accuracy 
of the indications given by the 
gage-glass w tter levels. In the 
absence of a water column 
the gage glass and the try cocks 
are attached directly to the 
boiler. 

Hot-water outlet tempera¬ 
tures are obtainable with a 
mercury thermometer as illus- 



Fio. 120. Damper regulators. 


trated by Fig. 122. These thermometers are sometimes combined 
with the altitude gage, Fig. 123, used to indicate cither the pressure 



Fig. 121. Water col¬ 
umn with gage glass 
and try cocks. 


Fig. 122. 
Water-boiler 
thermom¬ 
eter. 


of the water in the boiler or the height of the water level in the heating 
system. 
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Protection should be provided for steam-heating boilers in the form 
of equipment to stop the operation of automatic fuel-burning equip¬ 
ment and to allow the feeding of water to the 
unit whenever the level falls below a point 
where serious damage may happen. Figures 
124 and 125 show the details of and the 
installation of a water feeder and a low-level 
cutout for a stoker-fired steam-heating boiler. 

193. Water Heaters. Clean heated water 
is required in many buildings for domestic 
and other purposes. A number ^*1 operating 
reasons preclude the direct usage of the 
water of boilers of heating systems for the 
many and varied requirements of a supply 
of hot water. All water heaters are some 
form of a heat exchanger whereby the water 
heated is not contaminated as it passes 
through them. Often it is advisable to install an independently 
operated water heater which has as its source of heat either electricity 
or the combustion of cither a solid, a liquid, or a gaseous fuel. 



Fia. 123. Altitude gage 
and thermometer. 


Connection to 
boiler steam space 



{McAlear Manufacturing Co.) 

Fig. 124. Water feeder with low-water alarm and automatic switch. 


The following water-heating devices are employed in plants where 
boilers are installed: (1) furnace coils, (2) coils placed within the water 
space of a boiler, (3) units external to the boiler which secure their 
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supply of heat from either steam or water of the boiler, and (4) heaters 
which utilize exhaust steam from engines, turbines, and other sources. 

Coils placed in furnaces give variable water temperatures which are 
dependent upon the activity of the fire and the demands for heated 

Connection to 



Fio. 125. Stoker-fired heating boiler with a water fi eder. 


water. A typical heater coil inserted within the water space of a 
boiler is that shown by Fig. 110. Figure 120 shows a type of water 
heater which may be connected into hot-water boilers and into steam 
boilers below the water lino. Water from the boiler flows through the 
outer shell and heats the domestic water supply which flows tlirough 



the bank of tubes of the heater. The tank heater, shown by Fig. 127, 
is for use with steam. The steam supply is regulated by a valve N 
which is under the control of a thermostatic element A placed in the 
heated water. The steam is condensed in the pipe coil, at the bottom 
of the tank, from which the condensate may be discharged to the 
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return line of the heating system. The tank heater of Fig. 127 may 
also be used without direct connection to a boiler where exhaust or 
other steam is available. 



Fig. 127. Tank water heater. 

The heal added to water passing through a heater per unit of time 
is ecjual to the product of the weight of water circulated and the change 
of the enthalpy of the li(iuid of the fluid. 

PROBLEMS 

1 . A cast-iron heating boiler has a grate area of 3.97 sq ft. The gross I — B = It 
output is giv’^en as 2*.I5,000 Btu per hr and the net I = B = H rating as 134,000 Btu 
per hr. What factor has been allowed for piping losses and load pick-up? The 
boiler operated with an overall efficiency of 59 per cent. What combustion rate 
was necessary with cojil having a heating value of 13,000 Btu per lb as fired? 

2 . An oil-fired boiler used 2.1 gal of number 3 furnace oil i)er hour to give a 
gross I=B=B, output of 220,000 Btu per hr. What efficiency of operation was 
obtained? If the net I = B = R rating was 145,000 Btu per hr what total pick-up 
and piping-loss factor was allowed? 

3 . A steel heating boiler for hand-fired operation is rated at 8500 sq ft of (M^uiva- 
lent steam radiation. What must be the amount of its heating surface? What 
amount of grate area is requirt'd? 

4 . A steel heating boiler for stoker firing is rated at 8500 sq ft of equivalent 
radiation when operated with steam. What amount of heating surface is required 
for the rating as stated? W'hat should be the average height of the furnace if the 
plan area of the firebox is 20 sq ft? 

6. A cast-iron heating boiler operated at 1.5 psig when the barometric pressure 
was 29.6 in. of mercury. During a period of 8 hr 8000 lb of steam of 0.99 quality 
were formed from water supplied at a temperature of 200 F. Find the boiler 
capacity in square feet of equivalent direct steam radiation and also boiler horse¬ 
power. C-alculate the overall efficiency of operation if 6.5 lb of water were evaf)- 
orated per each pound of 10,880 Btu per lb coal used diiring the test. 

6. A hot-water boiler heated 9000 lb of water from 170 to 195 F. in one hour 
The weight of coal used per hour was 31 lb, and its heating value as fired was 
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11,200 Btu per lb. Find the overall efficiency of operation of the unit and the 
capacity developed in terms of standard hot-water radiation. 

7. A building has heat losses as calculated for design purposes amounting to 
2,350,000 Btu per hr. An allowance of 15 per cent is to be made for piping losses, 
and the air temperature is allowed to drop in the building at night time. The 
boilers may be expected to operate with an efficiency of 65 per cent and a combus¬ 
tion rate of 12 lb of coal per hr per sq ft of grate area. The coal has a heating 
value, as fired, of 11,500 Btu per lb. Find the required grate area of the necessary 
boilers, and select two steel units for the installation. 

8. A residence with heat losses of 120,000 Btu per hr is to be heated by a hot- 
water system using a boiler burning number 2 furnace oil. Select an I = B = R rated 
boiler for this installation. 

9. The water of a swimming pool, containing 60,000 gal, is to be heated from 
52 to 70 F in 3 hr by steel boilers using coal of 12,300 Btu per lb calorific value as 
fired. The allowable combustion rate is 15 lb per hr per sq ft of grate area with 
a boiler efficiency of 68 per cent. Allow 10 per cent extra for piping losses. Find 
the required grate area of a boiler. 

10. An oil-fired boiler is to heat a building having heat losses of 350,000 Btu per 
hr in the coldest weather. Domestic requirements of heated water are 200 gal. 
per hr raised in temperature from 55 to 160 F. Allow 20 per cent piping losses in 
the heating system and 5 per cent losses between the boiler and the water heater. 
How many gallons of number 3 fuel oil are required per hour if it can be utilized 
with 70 per cent efficiency? 



CHAPTER 9 


PIPE, TUBING, FITTINGS, CO/BRINGS, AND PIPING 

DETAILS 

194. Pipe Materials. Tn heating and air-conditioning equipment 
both pipes and tubes are used the confinement of and the con¬ 
veyance of fluids such as water, steam, air, refrigerants, gas, etc. 
Materials used for pipes include v/rought iron, mild steel, cast iron, 
aluminum, copper, and brass. Copper and brass are the most com¬ 
mon tube materials although steel is used to some extent. For the 
most part non-ferrous materials resist corrosion better than those 
made from iron. CV^pper tubing has advantages in that it may be 
bent readily to make turns and offsets in lines and lengths of it can be 
easily fastened together with either solder or compression fittings 
thereby reducing labor costs in its installation. Thin-wall steel tubing 
has properties which allow it to be bent and welded together and is 
not subject to the corrosive action of such a material as ammonia 
when it is in contact with brass. 

196. Commercial Pipe. Butt-welded and lap-welded steel and 
wrought-iron pipes are manufactured in sizes which are pertinent to 
their diameters and unless otherwise stated are furnished in random 
lengths up to 21 to 22 ft with threaded ends and couplings. Seamless 
pipes made by piercing and rolling pieces of steel may be had in rela¬ 
tively small sizes. For pipes up to 12 in. inclusive the sizes are based 
on the nominal inside diameters. Pipes designated as 14 in. and 
larger are listed on the basis of their outside diameters. All steel and 
wrought-iron pipes of the various sizes have external diameters which 
are standard for them irrespective of the thickness of the metal of 
their walls. This is necessary in manufacturing and also in order 
that the same thread-cutting equipment for each size, regardless of 
its wall thickness, may be used. The actual internal diameters of 
pipes vary from their listed sizes by amounts dependent upon their 
external diameters and the thickness of the wall metal. 

The welding of pipe sections together and the use of welding-type 
fittings permits the use of thinner metal sections than when threading 
operations are necessary. At one time pipes were designated only by 
the terms standard weight, extra heavy, and double extra heavy 
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according to their abilities to withstand internal pressures. Now the 
American Standard for Wrought-Iron and Wrought-steel Pipe, ASA, 
B36.10, lists the various commercial sizes of pipes under different 
schedules dependent upon their wall thickness. Schedules 30 and 
40 of the American Standards Association conform most closely in 
dimensions to those classified as standard-weight pipes. Data perti¬ 
nent to these schedules and standard-weight pipes are given in Table 
68 as these are suitable for most uses with the low pressures of heating- 
installations. 


TABLE 68 


Dimensions of Schedules 30 and 40, Welded Steel Pipe for Steam, Air, 

Gas, and Water* 


Nom- 

Inside 

Exter- 

Nom- 

Transverse Areas 

1 

Tjcngtb i 
of Pipe 
Per 

Length 1 
of Pii)e 
Con- 

Nominal 

Weight 

Num¬ 
ber of 

inal 

Diam- 

Diam¬ 

eter. 

In. 

Thick- 




Square 

taining 

per Foot 

Threadi 

Size. 

eter, 




Foot of 

One 

Plain 

per 

In. 

In. 

In. 
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Sq In. 

External, 
Sq In. 

Metal, 
Sq In. 
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Surface, 

Ft 

Cubic 

Foot, 

Ft 

Ends, 

Lb 

Inch o 
Screw 

J 

0.269 

0.405 

0.068 

0.057 

0.129 

0.072 

9.4,31 

25.33.775 

0.244 

27 

i 

0.364 

0.540 

0.088 

0.104 

0.229 

0.125 

7.073 

1.383.789 

0.424 

18 

i 

0.403 

0.675 

0.091 

0.191 

0.3.58 

0.167 

5.658 

754. .360 

0.567 

18 

i 

0.622 

0.840 

0.109 

0.304 

0.554 

0.250 

4. .547 

47.3.906 

0.850 

14 

f 

0.824 

1 .050 

0.113 

0.533 

0.866 

0.3.33 

3.6.37 

270.0.34 

1.1.30 

14 

1 

1.049 

1.315 

0.133 

0.864 

1.358 

0.494 

2.904 

166.618 

1.678 

U \ 

1} 

1.380 

1.660 

0.140 

1.49.5 

2.164 

0.669 

2.301 

96.275 

2.272 

ni 


1.610 

1.900 

0.140 

2.036 

2.835 

0.709 

2.010 

70.7.33 

2 717 

Hi 

2 

2.067 

2.375 

0.104 

3.355 

4.4,30 

1.075 

1.608 

42.913 

3.652 

iG 


2.469 

2.875 

0,203 

4.788 

6.492 

1.704 

1.328 

.30.077 

5.793 

8 

3 

3.068 

3.500 

0,216 

7.393 

9.621 

2.228 

1.091 

19.479 

7.575 

8 


3.548 

4.000 

0.226 

9.886 

12.566 

2.680 

0.954 

14..565 

9.109 

8 

4 

4.026 

4..500 

0.237 

12.730 

15.904 

3.174 

0.848 

11.312 

10.790 

8 

.*> 

.5.047 

5 .563 

0.208 

20.006 

24.306 

4.300 

0.686 

7.198 

14.617 

8 

6 

6.065 

6.625 

0.280 

28.891 

34.472 

5..581 

0.576 

4.984 

18.974 

8 

8t 

8.071 

8.625 

0.277 

51.161 

58.426 

7.265 

0.443 

2 815 

24.696 

8 

8 

7.948 

8.625 

0.322 

50.027 

.58.426 

8.399 

0.443 

2.878 

28 554 

8 

lot 

10.136 

10.750 

0.307 

80.691 

90.763 

10.072 

0.355 

1.785 

34 240 

8 

10 

10.020 

10.7.50 

0.360 

78.855 

90.76,3 

11.908 

0.355 

1.826 

40.48.3 

8 

12t 

12.090 

12.750 

0.330 

114.800 

127.676 

12.876 

0.299 

1.2.54 

43.773 

8 

12 

12.000 

12.750 

0.375 

113.097 

127.676 

14.579 

0.299 

1.273 

49.562 

8 


* Nominal thickness Riven in bold-faced type is identical with that for schedule 40. 
t Thickness same as for schedule 30. 


Brass and copper pipes from ^ to 12 in. are also listed with outside 
diameters equal to those given in Table 68. Such pipes can be used 
with fittings conforming in size to those suitable for steel and wrought- 
iron standard pipe. The internal diameters of brass pipe for the most 
part differ slightly from those of standard steel pipe. Aluminum pipe 
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with ips, iron pipe size, welding fittings is finding use in non-corrosive 
installations in chemical, food soap, petroleum, and cosmetic plants. 
The cost is less than that of either brass or copper pipe. 


-E->1 



A = pitch (lianictcr of thread at end of pipe. 
B = pitch diaineler of thread at Kaff.M); notch* 
also, pitch diameter of g'jrc'.nht pip*- 
thread. 

D = outside diameter of pipe. 

E = length of effective thread. 

F = normal engagement by hand between 
external an<l internal threads. 

P =s pit<*h of thread. 

A = />-(O.OrjOD + 1.1)P 
P = A + ().062.'j/<’ 

E •= (0.802) + 6.8)P 
Depth of thread = 0.80P 
Taper •=• i in. per ft. 



Plug gage to go in until notch is Hush with 
face. Hing gage to go in until flush with 
end of pipe. 

Allowable variations: one turn, plus or minus. 


Fig. 128. American standard pipe thread. 


196. Pipe Threads. Pipe threads and the tappings of the various 
threaded fittings for commercial pipe are standardized and have a taper 
of 1 in 1() with the longitudinal axis of the pipe or the tapping. The 
threads are V shaped with a GO-dcg angle between them and are 
flattened at their tops at the 
larger end of the taper, Fig. 

128. The function of the 
taper is to produce a very 
tight joint when the threads 
draw together the parts to be 
joined. 

197. Pipe Fittings for 
Standard Steel and Wrought- 
Iron Pipe. These parts, for 
joining lengths of pipe to¬ 
gether and providing outlet connections, reductions of pipe size, etc., 
are made in two forms. The screw type of fitting is usual for pipes 
less than 4 in. in diameter and the flanged type of fitting for pipes 4 in. 
in diameter and larger. There are exceptions to this last statement. 

Materials for fittings include cast iron, malleable iron, steel, and 
brass, the choice depending on the service and pressure. The weight 
of fittings should conform to the weight of pipe; thus standard fittings 



Close Nipple Short Nipple Long Nipple 



Standard Coupling Coupling with Plain Ends 


Fig. 129. Pipe nipples and couplings. 




TABLE 69 


Dimensions of Standard Cast-Iron Screwed Pipe Fittings 
Working pressure 125 psig 
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are used with standard weights of pipe for pressures up to 125 psig 
and extra-heavy fittings with extra-heavy pipe for pressures up to 
250 lb. Extra-heavy fittings and extra-heavy pipe are not required 
in low-pressure steam heating. Close and shoulder nipples and ordi¬ 
nary couplings, Fig. 129, arc made either of steel or wrought iron. 
The names of common fittings and their appearances are indicated 
by the various details of Fig. 130. TiNe 09 gives data relative to 
important dimensions of several common cast-iron screw fittings. 

The size of fittings is always designated in accordance with the pipe 
with which they are to be used The tappings of fittings, such as 
elboAvs, tees, and couplings, may jc uniform in size; or one or more of 
the tappings, depending upon the fitting, may be smaller, when the 



Side Outlet Elbow Tee Eccentric Reducing Tees 


Fi(i. 130. Screwed pipe fittings. 

term reducing fitting is applied. If the side outlet of a tee is for 1-in. 
pipe and the other two tappings arc for l^-in. and 1^-in. pipe, respec;- 
tivcly, the fitting is a reducing tee, and the size designation is X 
X 1 in. The side-outlet size of a tee is always given last. 

Provision must always be made when two immobile objects are 
fastened together, by pipe connections, for the final joining of the last 
two sections of pipe and for the easy disconnection of pipes at various 
locations in a system when repairs are necessary. With small pipes this 
can be accomplished by means of couplings having a right-hand thread 
in one end and a left-hand thread in the other end. These couplings 
usually have a distinguishing mark such as longitudinal ridges on their 
exterior. Unions or companion flanges are more satisfactory than 
fittings with right- and left-hand threads. 

Unions, Fig. 131, are of two different forms, nut unions and flange 
unions. Nut unions consist of three parts which are the two parts 
attached to the pipe ends by threads and the threaded nut which is 
used to draw the seat parts together. Depending upon their construc¬ 
tion nut unions may or may not require a gasket where their seats fit 
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together. A flange union consists of two parts which are attached by 
threads to the pipe joined together. A gasket is placed between the 
flanges which are drawn together by bolts with nuts, or the flange 
union may have ground seats which do not require a gasket. Nut 
unions are made in all pipe sizes up to 4 in. inclusive. For pipe sizes 
above 2 in. flange unions are generally preferred. 



Fig. 131. Pipe unions. 


Flanged fittings are desirable for pipe sizes of 4 in. and larger and are 
used in connection with companion flanges attached to the pipe ends. 
Examples of pipes joined together with flanges are shown by Fig. 132. 
Companion flanges are available in either standard weight or extra 
heavy and are drawn together with bolts. Flanged joints usually 
reciuire a gasket of some material between the flange faces inside of the 
bolt circle. Flanged joints serve as unions and are of great convenience 
in assembling and taking down pipe lines. Typical flanged fittings 




Fig. 132. Flanged pipe joints. 


suitable for pressures up to 125 psig are shown by the figures and data 
of Table 70. 

198. Valves. The stop valves used in heating pipe lines may be 
angle, globe, or gate types, Figs. 133 and 134, made of brass or cast 
iron. Gate valves are usually made only in the straight-away pattern, 
although an angle-type has been manufactured; globe-valve construc¬ 
tion may be either the straight-away or the angle pattern. Gate 
valves are desirable as they offer the least amount of obstruction to 



TABLE 70 


Dimensions of Standard Cast-Iron Flanged Pipe Fittings 

Working pressures 125 psig 
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Exception. In sizes 18 in. and larger, if the outlet of a reducing tee, cross, or 45® lateral is the 
size given in the table below, or is smaller, use the “ short-bocly ” dimensions shown below. 

The faco-to-face dimension of reducers Ls governed by the size of the larger opening, regardless 
of the size of the smaller opening. 
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Short-Body Reflucing Fittings 
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Butt Weld Butt Weld Butt Weld 

Light Sections Intermediate Sections Heavy Sections 




Mitre Weld 



Welded End Closure 


jru 



Welded Coupling 



Welded Pad 


90° Nozzle Weld 
Standard Type 



Standard Type 



90° Nozzle Weld 
Reinforced Type 



Angular Nozzle Weld 
Reinforced Type 

(Crane Co,) 


Fig. 136. Pipe welds. 
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are corrosion resisting and are an aid in keeping the valve tight against 
leakage through it. 

Gate valves may have either a rising or a non-rising stem; globe 
valves always have a rising stem. The rising stem requires more 
space but has the advantage of giving positive indication of the valve 
opening. All the valves of Figs. 133 and 134 require packing of some 
kind within the stuffing boxes of the bonnets and around the valve 
stems to prevent leakage of the fluid passing through them. 



VAN STONE 
NIPPLE 



CAP 



TEE 




STRAIGHT NIPPLE REDUCER 

NIPPLE 


Fig. 137. Welding fittings. 


Check valves serve to prevent backward flow in a pipe line and are 
designed for horizontal and vertical lines. The check valves of Fig. 
135 are for horizontal and vertical pipes. The bodies of check valves 
are commonly made of brass in the smaller sizes and of cast iron in the 
larger ones. 

199. Welded Pipe-Joints. Considerable savings in material and 
labor costs can often be made by welding together pipe sections and 
fittings. Also special connections, in the field, can be improvised by 
the welder. Fusion welding, either electrical or by the use of a gas 
flame, is not economical with pipes smaller than 2 in. in diameter. 
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The parts to be joined have the edges of the material scarfed or beveled 
to a suitable angle and are butted together; the metal deposit from the 
welding rod is built up in the groove thus formed on the outside as 
shown by Fig. 136. Elbows may be made of short lengths of pipe, 
or they may be purchased fabricated as a seamless tube. Valves and 
flanges may also be obtained for welding into steam or other lines. 
Examples of elbows and tees formed of inpe bv welding are shown by 
Fig. 136. Commercial welding fittings arc depicted by the examples 
of Fig. 137. 

200. Steel Tubing. The material used in ferrous tubing may be 
either of carbon or alloy steel. Groeially the listed sizes of steel tubes 
are based on their external diameters which have tolerances of devia¬ 
tion of the actual from the nominal size of only a few hundredths of an 
inch. The wall thickness of steel tubes vary with their external diam¬ 
eters and the pressures which they 
must withstand. Tubes of small 
size may be readily bent, and 
lengths of them, having thin walls, 
may be joined together by welding. 

Applications of such pipe construe- ,,,,, jgg. 

tion are in condensers of various tube, 

kinds, flues of fire-tube boilers, 

water passages of water-tube boilers, and finned- or extendcd-surfac^c^ 
areas of either cooling or heating coils. Steel tubing is available in 
duplex-wall construction. Fig. 138, for use where corrosion difficulties 
may be encountered. Such construction is obtained by drawing a 
tube of copper or copper alloy either inside or outside of the steel one. 

201. Copper Tubing. Seamless tubing for heating, plumbing, and 
air-conditioning installations is made of either soft and ductile or 
hard-drawn copper. Copper tubing is standardized as Type K, L, 
or M depending upon the thickness of the wall material. For a given 
tube size. Type K has the thickest and type M the thinnest wall. 

Data relative to the dimensions and the weights of copper tubing 
are given by Table 71. 

All Type-M copper tubing is hard drawn or has a hard temper. 
Types K and L may be either hard drawn or annealed. In any case 
the bursting strength of a given type is dependent upon the physical 
characteristics of the copper. Standard lengths of copper tubing are 
20 ft, but soft-drawn Types K and L of l:|-in. diameter or less are 
furnished in coiled lengths of 30, 45, and 60 ft. 

Type-K tubing is suitable for underground water-service lines, 
plumbing, heating, oil lines, and some air-ctmditioning installations. 
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90“ PLAIN ELBOW 90“ ELBOW 90“ STREET ELBOW 

Copper to Copper Copper to Copper Copper to Copper 



90“ ELBOW 45“ ELBOW to Copper 

Female Copper Copper to Copper 

to Male I.P.S. 



Fig. 139. Copper-tube fittings. 
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TABLE 71 


Copper Tubing for General Plumbing and Heating 


Nom¬ 

inal 

Size, 

In. 

Out¬ 
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Diam- 

et(»r, 

In. 
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ground Service, 
Gcuieral Plumbing 
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ing Installations, 
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Foot, l.<b 

Wall 

hicknesa, 

In. 

Weight 

per 

Foot, Lb 

Wall 

Thickness, 

In. 

Weight 

per 

Foot, Lb 

T 

0.375 

0.032 

0.133 

0.030 

0.126 

0.025 

0.106 

3 

■gr 

0.500 

0.049 

0.269 

0.035 

0.198 

0.025 

0.144 


0.025 

0.049 

0.344 

0.040 

C.285 

0.028 

0.203 

5 

0.750 

0.049 

0.418 

0.042 

0.362 




0.875 

0.065 

0.641 

0.045 

0.455 

0.032 

0.328 

1 

1.125 

0.065 

0.839 

0.050 

0.655 

0.035 

0.464 


1.375 

0.065 

1.04 

0.055 

0.884 

0.042 

0.681 

H 

1.625 

0.072 

1.36 

0.060 

1.14 

0.049 

0.940 

2 

2.125 

0.083 

2.06 

0.070 

1.75 

0.058 

1.46 


2.625 

0.095 

2.92 

0.080 

2.48 

0.065 

2.03 

3 

3.125 

0.109 

4.00 

0.090 

3.33 

0.072 

2.68 

3i 

3.625 

0.120 

5.12 

0.100 

4.29 

0.083 

3.58 

4 

4.125 

0.134 

6.51 

0.110 

5.38 

0.095 

4.66 

5 

5.125 

0.160 

9.67 

0.125 

7.61 

0.109 

6.66 

6 

6.125 

0.192 

13.87 

0.140 

10.20 

0.122 

8.91 

8 

8.125 

0.271 

25.90 

0.200 

10.29 

0.170 

16.46 


Types K and L are adapted to the use of compression and flared fittings 
as well as solder in the smaller sizes and solder in the larger sizes. 
Type-M tubing, furnished with thin walls 
and a hard temper, is used with solder 
fittings only. 

Solder fittings such as tees, elbows, 
reducers, valves, adapters, caps, and 
unions. Fig. 139, are sold under various 
trade names. Figure 140 shows the proc¬ 
ess of making a joint with a solder fitting. 

Copper tubes can be joined to the fittings 
of steel pipes by means of adapter units 
having both threaded and solder, flared, 
or ferrule connections. 

Small tubes may be fastened to their fittings by flared joints as 
shown by Fig. 141. Figure 142 shows the use of a ferrule or sleeve 
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in a joint. Flared joints are made by cutting square ends on the 
tubes to be joined. A connector nut is then slipped over each tube 
end, and a seat is formed at the tube end with a special tool. The 


Full-formed 45-deg flare 



Union coupling flare to flare 

{American Brass Co.) 

Fia. 141. A full-forincd copper-tube 
flare and the coniph'ted joint ready for 
ass(‘rubly. 



Compression tube connection 

Fio. 142. T;il.i‘ co:inc?rtion with adapter 
and fernile or sleeve. 


parts are then drawn together by the connector nut as shown in Fig. 
141. When a ferrule is used, Fig. 142, tube flaring is not netiessary 
as the nut compresses the ferrule to make a tight joint between it 

and the tube and also where 
the ferrule bears on 45-deg 
seats of the parts joined. 

202. Steam Separators 
and Traps. A separator is a 
piece of equipment for re¬ 
moving water particles from 
steam as it flows in a pipe 
line or for removing oil from 
the steam exhausted by 
engines. The separator 
illustrated by Fig. 143 causes 
a change of direction of flow 
of steam passing through it 
to aid in the removal of the 
water particles. The water 
Fig. 143. Steam separator. collects in the bottom 

chamber. 

Traps are devices which permit the removal of collected water with¬ 
out the loss of steam from heaters, radiators, separators, and steam- 
pipe lines. Traps may be classified as float, bucket, bowl, and thermo¬ 
static. The float trap of Fig. 144a operates as water entering at I 
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accumulates and causes the float C to lift to open valve F. The 
steam pressure then forces water through the outlet H until the float 
is lowered to close valve F. The trap of Fig. 1446 has a thermostatic 



Eia. 144. (a) Float trap. (6) Float and thermostatic drip trap, (c) Bucket 

and thermostatic drip trap. 


element at E to allow the discharge of air. The bucket trap shown in 
section by Fig. 144c has a bucket which floats and holds the valve 
against the seat of the outlet until the water overflows into the bucket. 
When this occurs the bucket sinks, 
and si earn pressure causes a dis¬ 
charge of water through the outlet 
until the bucket rises again to close 
the discharge opening. This trap 
also has a thermostatic element E 
which permits the discharge of air. 

Thermostatic radiator traps are 
described in Chap. 10. 

203. Pressure-Reducing Valves, 

When steam is drawn from high- 
pressure lines to heat buildings its 
pressure must be reduced to the 
working pressure of the system. 

This is accomplished by means of a 
pressure-reducing valve, one form 
of which is shown in Fig. 145. A 
pressure equal to that desired in 
the heating supply piping is main¬ 
tained beneath the diaphragm by means of the balance-pipe connec¬ 
tion between the low-pressure main and the valve. This pressure 
can be controlled by the positions of the weights on the lever which 



Fig. 145. Pressure-reducing valve. 
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shifts the spindle or stem attached to the discs controlling the openings 
of the valve through which steam may flow from the high-pressure to 

the low-pressure piping. The valve 
should be installed with a by-pass 
connection so that service by means 
of hand operation may be main¬ 
tained when the pressure-reducing 
valve is out of service. 

Another form of pressure-reduc¬ 
ing valve, Fig. 14(3, utilizes a coil 
spring, the compression of which 
can be changed by an adjusting 
screw, as an alternative to the lever 
and weight avra^^^gement of the 
valve shown by Fig. 145. 

204. Pipe Insulation. Pipes 
conveying a medium at a tempera¬ 
ture greater or less than that of the 
air surrounding them have a flow of 
heat through their walls, causing 
the medium to be either cooled or 
heated as the case may be. Where 
(Illinois Evoineertno Co.) the mcdium is stcam, hot water, 
Spring-controll<Hlprc.««u.e- j . 

reducing valve. i • i i 

desirable to partially minimize this 

heat transfer in order to secure reduced operating costs. 

The insulation or covering available for pipe lines varies with the 
service to be rendered. For steam and hot-water lines coverings are 

made of magnesia, asbestos, di- 
atomaceous earths, felts, and 
metal foils. Lines conveying 
cold liquids are covered with 
molded cork or sometimes with 
hair felt. To be effective the 
insulation must always be kept 
dry. With the exceptions of 
metal foils, cork, and hair felt 
the insulators mentioned are 
combined with other materials 
which give strength and rigidity to the covering. 

Magnesium carbonate mixed with asbestos fibers molded into blocks 
for flat surfaces or into split circular sections for pipes is an efficient 



Fig. 147. Cellular pipe covering. 
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insulator and is widely known as “85 per cent magnesia.*^ Asbestos 
mixed with a binder is rolled into sheets to produce cellular coverings 
as shown by Fig. 147. Results of tests' of several commercial pipe 
coverings are shown by Fig. 148. The heat losses given are based on 
each square foot of the external surface of the pipe covered and are not 
per square foot of external surface of the covering. 



Temperature difference degrees Fahrenheit 
(pipe temp-room temp) 

Fig, 148. Heat losses from covered j)ipe. 

Pipe fittings of various sorts arc enclosed with special molded cover¬ 
ings made to fit them or with an insulating cement containing asbestos 
fibers. This cement is applied with a trowel, and the finished covering 
is wrapped with canvas to give additional strength and protection to 
the covering. Boilers may be insulated with magnesia blocks and an 
external coat of insulating cement and canvas, or they may be covered 

^ “The Heat Insulating Properties of Commercial Steam Pipe Coverings/’ by 
L. B. McMillan, ASME Trans,, Vol 37, 1915. 
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with 2 in. of plastic cement reinforced with wire netting, the final 
outside surface being finished with a thickness of canvas. Insulation 
of jacketed boilers is described in Chap. 8. 

The efficiency of pipe covering is expressed as one minus the ratio 
of the heat actually lost from the pipe through the covering to that 
which would have been lost under the same conditions of inside-steam 
and outside-air temperature from one s(iuare foot of uncovered pipe 
surface. Data for the heat losses of bare pipes are shown by Fig. 149. 
Depending upon local conditions there is an economical limit in the 



Fig. 149. Heat losses from horizontal bare steel pipe. 

use of pipe insulations with respect to their materials and the thick¬ 
ness of the coverings. 

Copper tubing together with its fittings has a bright finish when new 
that tends to prevent losses of heat from its surfaces. This bright 
finish can be preserved by the application of a thin clear lacquer to 
prevent a marked change in the exposed surfaces which would increase 
the heat lost from them each hour. Table 72 gives an indication of 
the losses of heat from lacquered copper tubes. 

206. The Installation of Piping. The success or failure of both 
steam and hot-water heating systems depends not only upon the selec¬ 
tion of the proper sizes of pipes for the various portions of the system 
but also upon the care and skill used in the installation of the separate 
sections of pipe. 
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TABLE 72 

Heat Losses from Bright Copper Tubes Having One Coat of Thin C^leah 

Lacquer* 

Btu per hour per linear foot per degree Fahrenheit temperature 
differenee: Hoorn Air 70 F 


Nom¬ 

inal 

Pipe 

Size 

Hot Water, Type-A Copper Tube 

Steam, Standard Pipe Sizc^ Pipe 

150 K 

180 F 

210 F 

1 227.1 F 

297.7 F 

337.9 F 

Temperature Differenee 

Temperature Differenee 

80 F 

no F 

1:0 F 

157.1 F 

227.7 F 

267.9 F 


0.265 

0.282 

0.307 

0.401 

0.461 

0.478 

i 

0.356 

0.373 

0.414 

0 477 

0.571 

0.578 

1 

0.437 

0.463 

0.507 

0.598 

0.681 

0.710 

It 

0.537 

0.554 

0.614 

0.700 

0.812 

0.840 

li 

0.612 

0.645 

0.714 

0.833 

0.966 

0.990 

2 

0.762 

0.818 

0.892 

1.005 

1.164 

1.201 

2i 

0.937 

0.991 

1.085 

1.178 

1.361 

1 .420 

3 

1.025 

1.135 

1.270 

1.400 

1.625 

1.700 

H 

1.250 

1.318 

1.442 

1.580 

1.845 

1 .905 

4 

1 .400 

1 .480 

1.556 

1.750 

2.040 

2.130 


* Derived from Data published in Heating, Piping and Air Conditioning, pap(‘r 
by H, 11. Heilman, 1933. 


All internal burrs in pipe, caused by pipe-cutting tools, should be 
removed by reaming. Only pipe-threading dies which will cut perfect 
threads should be used. All joints must be made tight, a minimum 
amount of pipe-joint compound being applied to the threads of the 
pipes and nipples. The joint compound should not be applied to 
internal threads of fittings as it will be forced inside of the line to 
cause trouble in return lines and traps. Unless care is taken to remove 
any accumulations of dirt and other foreign materials from the pipes, 
trouble in the system is likely to occur. Traps of all sorts should not 
be put into operation until the greater portion of dirt and foreign 
materials have been carried out during the initial operation of the 
system. 

Pipe lines require adequate support so that they will not sag to 
produce undue stresses in them. Sagging also causes pockets in the 
lines so that they cannot be completely drained. Accumulations of 
water in pockets caused by sagging interfere with the flow of steam. 
Suitable types of pipe hangers and supports are shown by Fig. 150. 



286 PIPE, TUBING, FITTINGS, COVERINGS, AND PIPING DETAILS 

All pipes must be properly pitched, depending upon the conditions, 
in order that air and water may be removed. When water accumula¬ 
tions interfere with steam flow the water may be carried with the 



Spilt Ring 



Solid Ring 



CB-Universal 
Concrete Insert 



Adiustable Swivel 
Pipe Roll 




U.F.S. I-Beam 
Clamp 


</ 


Pipe Seat 



Anchor Chair 


{GrinneU Co., Inc.) 


Fig. 150. Pipe hangers and supports. 


steam, provided that the velocity is great enough, to produce a dis¬ 
agreeable noise known as ^Svater hammer.” Water hammer under 
extreme conditions is dangerous as the slugs of water carried by the 
steam may cause a rupture of either the pipe or its fittings. Where 



Double Offset Expansion U Bend 



Fig. 151. Expansion pipe bonds. 


counterflow of steam and water must occur within a pipe, the size of 
the pipe must be greater than that obtained by the methods of Art. 
223, if water hammer is to be avoided. Pipe sizes are designated in 
Table 77, Chap. 10, for parts of steam heating system where counter¬ 
flow of steam and water generally occur. 
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206. Pipe-Line Expansion. Steam and hot-water pipes are erected 
with the materials at the temperature of the surrounding air. When 
such lines convey a heated medium they change in length as the result 
of the temperature rise of their materials. In high-pressure lines, the 
pressure of the material conveyed also affects the length, owing to the 
elastic properties of the materials. In lines operating with pressures 
less than 50 psig the effect of pressure other than its effect on tempera¬ 
ture may be ignored. Provision must be made for change of length 
with temperature variations, as excessive stresses may be set up in the 
line and it may buckle to change 
its pitch to an improper one in 
places. 

Provision may be made for 
pipe-line expansion (1) by the 
turning of certain fittings on 
their threads, (2) by the place¬ 
ment of bends in certain pipes, 

(3) by the use of expansion loops 
constructed of short pieces of 
pipe and elbows, and (4) by the 
use of any of the types of expan¬ 
sion joints. 

Dependence is often placed on 
method 1 in low-pressure heating 
installations even though corrosion of pipe threads may prevent the 
necessary movement. Schemes 2 and 3, illustrated by Fig. 151, arc 
self-explanatory. Figure 152 illustrates a packless type of expansion 
joint. 

In low-pressure steam heating and in hot-water heating the change 
of pipe length may be based on the coefficients of Table 2, Chap. 1, 
without allowances for the effects of pressure within the pipe. 

Example. A strcl pipe line 100 ft long was erected when the temperature of the 
materials was 70 F. Find the amount of linear expansion when the line is filled 
with steam at an average temperature of 225 F. 

Solution. The inerc'ase of length is 

100 X 12 X 0.0000063 X (225 - 70) = 1.17 in. 

207. Boiler-Piping Details. The sizing, the arrangement, and the 
fabrication of the outlet and the return connections are matters of 
great importance in the installation of both steam and hot-water 
boilers. 

In general, all the boiler outlets provided by the manufacturer should 
he used, and pipe connection to each outlet should be of the size of 



Fig. 152. Packless expansion joint. 
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the tapping. Restricted outlets cause undue losses in the pressure pro¬ 
ducing flow of the heating medium, and in steam boilers these may be a 
cause of entrainment of water with the steam discharged. All the 
return tappings provided should be used, and, in general, the pipe 
connections at the boiler should be the full size of the tappings pro- 


Connect with Close 
Nipple below 
Water Line 






, ^ 

/ Blow off HARTFORD LOOP WITH SQUARE 
^ CAST-IRON BOILER 


^^Return 

Blow-off 
HARTFORD LOOP WITH ROUND 
CAST-IRON BOILER 


Connect with Close 


IBM 

Nipple below 

Water Line 

i 



2r9Z£3l 




Connect with Close 
^Return Nipple below 

-— Water Line 

Blow-off HARTFORD LOOP WITH TWO 
SQUARE CAST-IRON BOILERS 


Connect with Close 
Nipple below 
Blow-off Water Line 


HARTFORD LOOP WITH 
A STEEL BOILER 


Fig. 153. Steam heating boilers with a Hartford loop in the return connections. 


vided. Boiler-return connections for gravity-flow hot-water systems 
should be the same size as those of the water-heater outlets. Steam 
boilers may have their return-pipe connections smaller than those used 
at their outlets. However, as these return connections are at the low 
point of the water space in a boiler it is desirable to make all the return 
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piping around the boiler large enough to take care of some accumula¬ 
tions of dirt, sand, and scale which may be washed down from the 
interior of the boiler. These larger sizes of pipe reduce the likelihood 
of failure of water to return to the boiler from the system bect.use of 
clogging of the return connections. 

Heating boilers are immobile objects which require that provision be 
made at their outlets for expansion of <he piping; otherwise excessive 
stresses may be developed at the outlet tappings. This is accom¬ 
plished in small- and medium-sized boilers by means of a single-swivel 
arm from each outlet attached to a common header as in Fig. 153. 
For very large boilers a double-sv ivel arrangement may bo necessary. 

Symbols suggested for the preparation Oi heating and air-condi¬ 
tioning drawings are given in Table 134 of the Appendix and will be 
(*f aid in connection with an understanding of Fig. 153. With steam 
boilers it is desirable that the outlets all be connected to a common 
header as is shown by Fig. 153. The header should be made of pipe 
sufficiently large to a(;t as a steam separator. A drip or drain c.on- 
nection is necessary between the header and the return connections 
to the boiler. The function of the drip is to return speedily slugs of 
water thrown out with the steam to the boiler without having the 
water c.arried through the supply and return mains. Flanges should 
be installed in the pipes just above each outlet and in the return con¬ 
nections near the boiler so that the boiler may be removed for either 
repairs or replacement with the minimum amount of disturbance to 
the piping. 

208. The Hartford or Underwriter’s Loop. All the boilers shown 
by Fig. 153 have the protective device in the return piping known as 
the Hartford or Underwriter's Loop. The loop is used only with 
steam boilers as it is neither needed nor desirable in connection with 
hot-water boilers. The loop is constructed of pipe and fittings and 
costs only the price of the materials and the labor of installation. 

A loss of steam pressure occurs in the supply mains as the steam 
flows away from the boiler. In closed-circuit systems the end of the 
steam main is connected through the return main to the boilers. 
Owing to the loss of steam pressure in the main the boiler pressure will 
cause the water level to stand higher in all drops to the return connec¬ 
tions than the normal boiler water level. Under bad conditions of 
operation a considerable amount of water may be forced out of the 
boiler through the return connections and thus lower the water level 
in the boiler to a point where damage to the boiler may occur. The 
upper portion of the loop is attached by means of a close nipple to 
the equalizer connection between the boiler header and the return 
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yoke. The nipple connection is placed so that the water level in the 
boiler cannot be lowered more than from 2 to 4 in. below the normal 
water line. When the top part of the close nipple is uncovered by 
water, steam from the header exerts its pressure on the return piping 
and further loss of water from the boiler is prevented. 

The Hartford or Underwriter's Loop cannot prevent water from 
being lost from a boiler by evaporation; its sole function is to prevent 
loss of boiler water by backward flow into the return mains. Recom¬ 
mended sizes of equalizer pipes between the header and the return 
connection are given in Table 73. 

TABLE 73 

Sizes of Hartford Loop Equalizers 
Boiler Grate Area, Sq Ft Pipe Size, In. 

4 or l(\ss 1J 

4 to 15 

15 and more 4 

PROBLEMS 

1 . Find the heat losses per hour from 800 lin ft of 6-in. coniniorcial steel pipe' 
when bare and when insulated with l.OS-in.-thiek 85 per cent inuKnesia material. 
The pipe is filled with saturated steam at 20 psia, and the surrounding air tornpera- 
tures are 80 F with bare pipe and 65 F with covered pipe. 

2 . Find the efficiency of one-inch Air-(k*ll pipe covering w^hen applied to 20 
lin ft of 4-in. steel pipe 611ed with steam at a temperature of 250 F when the sur¬ 
rounding air is at a temperature of 85 F. 

3 . Calculate the heat losses from 1200 lin ft of 2-in. bright copper tubing when 
operated with water at an average temperature of 180 F when the surrounding air is 
at 70 F. 

4 . Compute the linear expansion of 125 ft of stciel pipe; when it conveys steam at 
350 F and also when the steam tiunperature is 240 F. The pipe installation was 
made when its temperature was 75 F. 
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HEATING WITH STEAM 

209. Classification of Steam Heating Systems. Common present- 
day types of steam heating systems are one-pipe air-vent, one-pipe 
vapor, two-pipe vapor, and v^ac’aim arrangements. One-pipe instal¬ 
lations have, at the bottom of each heat-diopcrsal unit, a single-pipe 
connection through which the supply of heating steam and the removal 
of the resulting condensate is made. Two-pipe systems have separate 
inlet and outlet connections to each heat disseminator, and the problem 
of the counterflow of steam and condensate is not so involved as it is 
in one-pipe systems. 

In gravity systems the flow of condensate through the return piping 
into the boiler is produced as indicated by the name, and no pump of 
any sort is required to handle it. Mechanical systems employ either 
a condensation pump or a vacuum pump to force the returned con¬ 
densate either into a boiler or a feedwater heater. In all mechanical- 
system arrangements the condensate flows to a receiver from which 
it is removed by a pump. The water line of the receiver must b(5 
low enough so that adequate drainage from the system is obtained. 
The height of the boiler water line is immaterial except as it affects 
the head against which the pump discharges the water. When 
gravity return of condensate is made to a boiler all radiators and the 
ends of all supply mains must be properly located above the level of 
the water in the boiler. Mechanical systems permit the location of 
heating units below the level of the boiler water line and also the use 
of boilers operating with steam pressures greater than those desired in 
the system. Vacuum systems are of necessity two-pipe mechanical 
layouts. All others enumerated may be operated with either gravity 
or mechanical return of the condensate. Any of the systems listed 
may be installed with basement mains allowing the steam to feed 
upward through risers to the radiators of the building or with attic 
steam mains which supply steam to risers carrying downward through 
the structure. 

The term ^'reliefapplied to either a one-pipe or a two-pipe system 
indicates that special provisions are made for draining supply piping 
at various points into the return main in order to relieve the supply 
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piping of condensate. Such a procedure allows the use of smaller 
sizes of the various sections of the steam supply piping than would 
otherwise be required. Air-line set-ups are modifications of air-vent 
systems whereby special air valves together with an exhauster and 
connecting air piping are used to free radiators of air more positively 
and quickly than when ordinary air valves are used. Such an arrange¬ 
ment eliminates the discharge of odor-bearing air and water from 
radiators into occupied spaces. 



Fig. 154. One-pipe air-vent steam-heating system. 

210. One-Pipe Air-Vent Systems. These systems having only a 
single-pipe connection to a radiator require air vents for the supply 
mains and each radiator. The vents are automatic valves which dis¬ 
charge the air which accumulates in the system from air inleakage 
at different places or as a result of the steam carrying air and other non- 
condensable gases. Unless the radiators and supply mains are kept 
free from air they will not be completely filled with steam, and the 
system will not function properly. Typical sketches of one-pipe 
steam systems with gravity flow are shown by Figs. 154 and 155. 
The first illustration is of an up-feed system; the second, of an over¬ 
head down-feed installation. These systems, when properly laid out 
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and installed, should not require a boiler steam pressure of more than 
2 psig. 

In the up-feed arrangement the supply main is taken from the boiler 
header and rises close to the basement ceiling. From this point the 
main is pitched downward in the direction of steam flow with a grade 
of not less than in. in 10 ft. The main may be carried in a single loop 
about the basement, or it may be divided into two or more parts as the 
building arrangement may require. The steam and condensate in the 
main flow in the same direction and the divisions of the main should not 
be reduced in size, as branch;^s to risers are taken off unless drip connec- 



Fig. 155. Overhead dowiifeed one-pipe steam heating system. 


tions to the return piping are provided at each point where the pipe 
size is reduced. The simplest method of installing one-pipe mains is 
to keep the divisions of the main uniform at the sizes necessary for 
the total radiation served by any part of them. All ends of the main 
should be maintained at least 18 in. above the normal boiler water line 
in order to allow for the head of water in the drops at those points. 
It often becomes necessary to place the boiler in a pit in order to lower 
the boiler water line with respect to the ends of the main. When the 
main is long or the basement head room is limited, relaying the main, 
Fig. 156, helps to solve the problem. A drain connection at the bottom 
of the rise is always required; otherwise the pocket will fill with water. 
The steam main and its divisions should be designed for losses of steam 
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pressure not to exceed 1 oz per 100 equivalent ft of length. For most 
installations the minimum size of a steam-supply main should not 
be less than 2-in. pipe. 

Return mains are designated as either wet or dry. A wet-return 

main is usually but not always below 
the boiler water level and is filled with 
water returning to the boiler. A dry- 
return main in a steam-heating sys¬ 
tem carries both condensate and air 
and sometimes may be filled with 
st<‘am although this is not a desirable 
condition. A dry-return main may 
be either above or below the boiler 
Avater level. With gravity return of 
the condensate to the boiler the dry- 
return main must be above the level 
of the water in the boiler. A return 
line above the boiler water level can 
be made to function as a wet-return 
main by the scheme of Fig. 157. 

All branch connections from the 
main to the riser pipes are to be 
taken from either the top or side of the main with a uniform pitch to 
facilitate the flow of the condensate and also to avoid any water 
pockets. In up-feed systems without riser reliefs the branches pitch 



Fig. 156. Steam main relay with 
drip connoetioii. 



upward from the steam main toward the risers at least ^ in. per ft. 
Also the runouts from the risers to the radiators are given the same 
pitch upward toward the radiator valve. Counterflow of steam and 
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water occurs in the branches from the mains, the risers, the runouts, 
and the radiator valves of up-feed systems. The sizes of these parts 
must be such that steam and water flow will not interfere. With an 
overhead steam main each branch from the main pitches downward 
toward its riser and the branch connection from the bottom of each 
riser to the return main slopes in the direction in which the condensate 
flows. Counterflow of steam and wa'.^r oc'^urs in radiator runouts 
of the down-feed one-pipe arrangement. 



Fin. 158. One-pipo air-vent mechanical steam heating system. 


One-pipe air-vent systems are the simplest and cheapest to install 
of all the types in use. When properly laid out and installed they 
give satisfactory results. The overhead down-feed one-pipe systems 
find usage in tall buildings. As the steam and water flow in the mains 
and the risers in the same direction, smaller pipes are permissible in 
the down-feed than in the up-feed arrangement. 

211. Systems with a Condensation Pump. Either of the gravity- 
return steam systems just described may be converted to a mechanical 
system by the addition of a condensation pump. Figure 158 is an 
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example of a one-pipe steam system so arranged. A pump is necessary 
when radiators must be placed below the boiler water line or at an 
insufficient distance above it. Building limitations often prohibit a 
boiler pit so that a pump becomes necessary. A pump is also required 
when the boiler steam pressure is greater than that of the supply 
mains. 

Condensation pumps have a receiver in which the condensate 
brought back by the return lines accumulates. When a sufficient 
quantity of water has collected the pump is started by the action of a 
float within the receiver or by the tilting action of the receiver. Figure 
158 gives an idea of the appeanmee of a condensation pump of the 
former type. 



212. Vapor Systems. The designation vapor system is applied to 
layouts, Fig. 159, which function as follows: 

1. The boiler steam pressure ranges from a few ounces above atmos¬ 
pheric as a maximum to pressures less than atmospheric. The sub- 
atmospheric pressures are obtained by condensation of steam in the 
radiators when the boiler furnace fire is declining in activity. The 
extremely low steam pressures employed are the principal distinguish¬ 
ing feature. 

2. The condensation is generally returned to the boiler by gravity. 
With certain vapor systems a pump may feed the water to the boiler, 
but the pump does nothing to create a vacuum in the system. 

3. All the air vented from the radiators and the piping is discharged 
from the return mains except in one system. 
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Most vapor systems are two-pipe installations. However, there is a 
one-pipe vapor system which operates with a few ounces of steam pres¬ 
sure. The features are those of a one-pipe air-vent system with the fol¬ 
lowing exceptions. The radiator valve is a plug cock arranged to give 
the minimum amount of obstruction to water and steam flow when 
open. The air valves on the radiators are special units designed to 
give quick relief of air; they are of the non-return type to prevent 
expelled air from re-entering the system. 

Two-pipe vapor systems may be divided into two general groups, 
non-return and open or atmospheric systems. The non-return systems 
have air eliminators at the jr Is ol the dry returns near the boiler which, 
after the system has been freed of air, pre: ent its immediate return. 
When free of air the system may operate with steam pressures less than 
atmospheric for periods of time which are dependent upon the tight¬ 
ness of the piping connections, etc., and the heating load existent. 

Open systems have the return piping under atmospheric pressure at 
all times as the air vents are not provided with check valves to prevent 
the inflow of air. The pressure of the steam in the supply mains is 
kept slightly above atmospheric. Open systems may return the con¬ 
densate to the boiler either by gravity or by a pump, or they may allow 
it to waste at a drain, as is done in some district-heating installations. 

213. Features of Vapor Systems. The heat-dispersal units em¬ 
ployed by vapor systems include tubular and wall radiators, pipe 
coils, finned sections, and various forms of convc(‘dors. Some form 
of graduated-control valve is placed at the inlet tappings of radiators 
and pipe coils in order that the steam supply to the unit may b(‘ 
adjusted to give the desired heat output. The valve should be of the 
packless type in order to eliminate air inleakage around the valve 
stem when the pressure wnthin the radiator is less than that of the 
atmosphere. The steam flow in the radiator is through the top row 
of nipples and downward through the radiator sections. The radiator 
may be only partially filled with steam except when the demand for 
heat is maximum, and then it may be filled with steam. When the 
radiator is not completely filled with steam portions of the surface not 
in contact with steam are warmed by condensate flowing down the 
inside. This allow s heat to be abstracted from the condensate, which 
is of importance when the water is not returned to the boiler. The 
outlet connection to the return piping may be made at either end of 
the radiator and is always at a bottom tapping. Free discharge of the 
air and the condensate should be obtainable through the outlet con¬ 
nections of all radiators. Generally steam is prevented from flowing 
through into the return piping either by a trap which will pass both 
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water and air or by a water seal which is arranged to allow the escape 
of air and condensate. A few systems have neither radiator traps nor 
seals; they have about 20 per cent more surface in the radiators than 
is ordinarily required, and the graduated control inlet valve is adjusted 
to prevent the radiator from being completely filled with steam under 
any conditions. 

214. Vapor-System Installations. Vapor systems are installed as 
both up-feed and down-feed plants. A dry-return main is necessary 
when the condensate is returned by gravity to the boiler, as the air 
from the radiators and supply piping is discharged into the dry-return 
mains from which it is finally vented. Wet-return mains are preferable 
for carrying the condensate back to the boiler, although a dry-return 
main may be used for this purpose. In up- 
feed systems the end of the steam main may 
be brought back near the boiler where it is 
dripped into a wet-return. All down-feed 
steam-supply risers should be dripped through 
either a trap or a seal into a return main. 
In the up-feed arrangement the supply main 
is taken to a high point above the boiler from 
which it grades downward in the direction of 
steam flow. The branches from an up-feed 
main are pitched upward toward the risers 
served unless the riser is provided with a 
properly sealed drip connection at its bot¬ 
tom; the branch then pitc^hes downward 
toward the riser. C'oiinterflow of steam and the riser condensation 
occurs in all up-feed risers and also in the branches from the main to 
up-feed risers when the supply risers are not dripped at the lower 
end. The bottoms of all return risers are connected to the return 
main through branches which are pitched downward from the risers to 
the return main. A dry return should pitch downward in the direc¬ 
tion of flow toward the boiler. The air vent in the dry-return main 
is located at the point where the dry return drops below the boiler 
water line. The simplest air vent for a dry return is a f-in. check 
valve arranged to open outward. Most systems which employ 
patented specialties have an air eliminator. Fig. 160, which allows 
the discharge of air but prevents its return into the piping. Wet- 
return mains are pitched downward toward the boiler from their 
point farthest away from it. Steam mains should have a minimum 
pitch of in. in 10 ft, branch and runout connections ^ in. per ft, 
dry-return mains 1 in. per 20 ft, and wet-return mains 1 in. per 40 ft. 



(Sarco Co., Inc.) 

Fig. 160. Air eliminator. 
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All supply piping must be large enough to limit the steam-pressure 
losses to 1 oz or less per 100 ft. 



(Sarro Co., Inc.) 

Fig. 161. Vapor heating system with alternating receiver. 


216. Alternating Receivers or Return Traps. In order to secure 
positive return of the condensate to the boiler at all times a device 
known as an alternating re¬ 
ceiver or return trap is often 
used in vapor systems. Figure 
161 gives the details of a closed 
vapor system which does not 
permit the return of air into 
the dry-return main and which 
has an alternating receiver. 

Figure 162 gives a sectional 
view of a return trap or re¬ 
ceiver. The unit has a float 
chamber in which a hollow float 
rises as water accumulates in 
it. The float is attached to a 
weight and lever mechanism 
connected to a balanced steam 
valve which is in a pipe leading 
from the boiler steam outlet. The float when lifted brings the mecha- 



{ISarco Co., Inc.) 

Fig. 162. Alternating receiver. 
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nism to a point where it trips. The steam valve is quickly opened and 
at the same time the trap top vent to the return main and the air elimi¬ 
nator is closed. The action just described equalizes the pressure in the 
trap with that of the boiler, and the collected water in the trap flows 
to the boiler by gravity. When the trap has been emptied of water 
the float causes the mechanism to open the air vent and to close the 
steam valve so that more water may accumulate. Traps of this kind 
are installed with the bottom of the trap from 6 to 18 in. above the 
normal boiler water line. The elevation of the trap is dependent upon 
the particular make of equipment used. 

216. Vacuum Systems. These systems aie distinguished from cer¬ 
tain other two-pipe steam systems in that a pressure less than atmos¬ 
pheric in the return piping is mechanically i)r(jdu(*ed by means of a 
vacuum pump, Fig. 163. Each radiator of the system is fitted, at its 
return outlet, with a thermostatic trap which will allow both air and 
water to pass but which closes against the flow of steam. All drips 
into return mains, from mains and supply risers, must pass through 
traps which prevent the loss of steam but pass both air and Avater. 

Direct cast-iron tubular and wall radiators, pipe coils, and convec¬ 
tors of various kinds arc suitable in vacuum heating. The radiator 
inlet valves should be of a packless type with graduated control 
although other valves are possible. The details of the supply and 
return piping are similar to those of some vapor systems, and the 
systems may be installed with either up-feed or down-feed supply 
mains. 

For the best results the vacuum pump should be located so that the 
return piping grades uniformly downward toward the receiver of the 
unit. This allow^s gravity flow of the condensate to the pump. 
Sometimes lift fittings arc permissible in the return piping when it is 
necessary to raise the return piping from one level to another, but lift 
fittings are to be avoided w^henever possible. The function of the 
vacuum pump is to wfithdraw^ air which is vented from the supply 
piping and radiators into the return mains. The vacuum pump 
withdraws the condensate from the receiver and discharges it into 
low^-pressure heating boilers or into the feedwater heater w^hen high- 
pressure boilers supply steam to the heating system through a pressure- 
reducing valve. The air wdthdrawm from the system by the pump 
may be separated from the condensate at the vacuum pump and dis¬ 
charged to the atmosphere or it may be discharged w ith the condensate 
and expelled from the storage reservoir into which the pump dis¬ 
charges. This receptacle may be either the feedwater heater or an 
overhead tank from wrhich the water may flow by gravity to a low- 
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pressure boiler. In any event, the air and condensate must be sepa¬ 
rated and the collected gases must be discharged before the condensate 
is fed into the boiler supplying the steam. 

Vacuum systems are adapted to large buildings and also those cover¬ 
ing considerable ground area. The action of the vacuum pump is to 
produce free circulation of steam by the maintenance of a definite pres¬ 
sure difTerential between the supply and the return piping. This 
action enables the more rapid venting of air to take place, as steam 
pressure alone is not necessary to force the air out. Positive discharge 
of the condensate is also effected, and radiators may be located below 
the level of the boiler water line. 

Vacuum steam heating systems may be separated into two general 
groups: (1) return-line systems and (2) differential or sub-atmospheric 
systems. 

217. Vacuum Return-Line Systems. Return-line installations gen¬ 
erally have a vacuum maintained in the return piping without any 
attempt to produ(;e pressures less than atmospheric in the radiators 
and the supply piping. Figure 163 illustrates a typical up-feed system 
with water-type radiators, graduated-control valves at the radiator 
inlets, thermostatic traps at the radiator outlets, and suitable drip 
traps to pass water and air at the ends of the steam mains. 

The steam mains should be pitched in the direction of flow not less 
than 1 in. in 20 ft, and the dry-return mains should have a pitch of at 
least 1 in. in 40 ft. Steam mains and other pipes should be designed 
with the maximum allowable pressure loss not to exceed 1 oz per 100 
ft of pipe. The traps at the outlets of radiators do not function exactly 
the same as those of vapor systems; consequently their capacities for 
a given size are somewhat different. The pressure differential between 
the two sides of a radiator trap must be at least equivalent to 8 oz. 
The vacuum pump should maintain a vacuum of at least 10 in. of 
mercury in its receiver. This vacuum may be reduced to 2 in. of 
mercury at the radiator trap farthest removed from the pump. The 
displacement of the vacuum pump must be sufficient to handle not 
only the condensate and air discharged into the return piping but also 
the vapor produced by the re-evaporation of condensate passed by the 
traps. All radiator and drip traps should operate to prevent steam 
entering the return piping; otherwise the maintenance of a vacuum 
by the pump becomes increasingly difficult as the leakage of steam 
increases. 

218. Differential-Vacuum Heating Systems. These systems are 
operated to vary the heat output from the radiators in accordance 
with the demands of the heating load. The temperature of the room 
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air is regulated by changing both the temperature and the quantity 
of the steam supplied to the radiators. I'he steam is supplied con¬ 
tinuously but with varying rates of flow and temperature, which is 
controlled by adjusting its pressure in the supply piping. Dependent 
upon weather conditions the steam in heat-dispersal units may exist 
with temperatures and specific volumes corresponding to pressure 
conditions ranging from 2 psig to 25 in. of mercury vacuum. 



Fig. 164. Control equipment of Vari-Vac differential heating system. 


The details of sub-atmospheric heating plants differ from return¬ 
line systems principally in the matter of control equipment. There 
is also a slight difference in the details of radiator inlet valves and traps. 
Each steam-supply valve at the heat-dispersal units has either a fixed 
or an externally adjustable orifice so that the steam distribution 
between the various units may be properly adjusted. The radiator 
traps have a pressure range of from 15 psig to 25 in. mercury, which is 
greater than that necessary in a return-line vacuum system. 

Important parts of the control equipment. Fig. 164, are: (1) the 
steam-control valve, (2) the control panel, (3) the heat balancer. 
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(4) the selector, (5) either a room thermostat or a room resistance 
thermometer, (6) the differential controller, and (7) the vacuum pump. 

The steam-control valve operates to vary the flow of steam, with 
changes of load, to the supply piping and functions under the action 
of the control panel which transmits the combined actions of the heat 
balancer, the selector, and the room thermometer. The heat balancer 
is a form of convector having a pair of resistance thermometers one 
of which is located above its heating element and one below it. The 
combination of the two thermometers measures the air-temperature 
differential existing on the two sides of the heating element, and the 
heat balancer thereby gives an indication of the heat supply to the 
system. The heating demand is measured by the selector, attached 
to the inside surface of a window, which is influenced by the effects of 
outside-air temperature and wind velocity. In (.‘onncction with the 
(control panel the room thermometer functions to compensate the 
effects of the selector and the heat balancer. The differential con¬ 
troller connected to the supply and the return piping is actuated by 
the pressure differential existing between the two lines and functions 
to start the pump when the difference is small and to stop the pump 
when conditions arc satisfactory. Air and non-condensable gases arc 
eliminated from the piping and the radiators by action of the vacuum 
pump, which also discharges the condensate from the system to the 
heating boiler or any storage facility. 

Commercial heating boilers, pipe, and pipe fittings are used in the 
construction of sub-atmospheric systems. The sizing of pipe is done 
in the same manner as for other vacuum systems, and the pitch of the 
supply and return mains is downward in the direction of flow in the 
amount of ^ in. per 10 ft. Branch connections betAvecn mains and 
risers should be pitched ^ in. per ft to give adequate drainage where 
counterflow of steam and water takes place. laft fittings should not 
be used in the return mains, the only exception being when such an 
arrangement is placed near the vacuum pump. 

219. Vacuum Pumps. Air may be removed, and condensate from 
the returns of vacuum systems may be handled by various types of 
vacuum pumps. Vacuum pumps may be high-pressure steam-driven 
reciprocating units, motor-driven rotary units, or rotary units which 
embody both a motor drive and a low-pressure steam-turbine drive. 
In the last type the drive alternates according to operating conditions. 

Figure 165 illustrates a motor-driven unit. The air and condensate 
from the heating system enter the receiver at 1. The air leaves the 
receiver at 2 and is mixed with water, passing from the receiver at 3, in 
the mixing manifold at 4. Both the air and water pass through the 
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strainer 5 and the vertical check valve 6. The air and water flow 
through passage 7 to two ports at 8. At 9 prime water from th(' 
pump casing enters two openings which alternate with the air and 
water openings shown at 8. The housing which contains ports 8 and 
9 is stationary. The pump impeller, shown as 10, revolves around the 
stationary port housing and picks up slugs of air and water at ports 
8 and prime Avater at ports 9. The cir and Avater entering at 

ports 8 and the prime Avater entering at ports 9 are discharged by the 



impeller through the discharge channel and are separated at 11. 
The separated air rises to the vent at 12. The Avater floAvs over a 
baffle plate in passage 13 to the separate boiler feed-pump impeller. 
The Avater discharge from this impeller is through channel 14 to th(^ 
discharge outlet at 15 Avhere the Avater leaves the unit and flows to 
the heating boiler through the connecting piping. 

A is an air-relief valve from the receiver, is a check valve in the 
air-relief line, C is a vertical check valve to prevent Avater from leaving 
the pump casing AA^hen a vacuum exists in the boiler, and D is the level 
of prime water maintained at all times. 
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Piston vacuum pumps, cither steam- or motor-driven units, should 
have a volumetric displacement at least 6 times that of the volume of 
condensate handled. Rotary pumps should be able to handle not 
less than 0.75 lb of condensate per hr per sq ft of attached equivalent 
radiation and 0.6 cu ft of air per min per sq ft of radiation. 

Radiator traps should prevent steam from entering the return mains, 
and the piping should be tight if the desirable vacuum of 10 to 20 in. of 
mercury is to be obtained in return-line systems and up to 25 in. of 
mercury in differential-vacuum systems. A water spray at the 
vacuum-pump suction to condense steam which has leaked into the 
return lines is not desirable. Condensation of such steam is often 
recpiired in order that a desired vacuum may be produced but it is 
accompanied by a loss of heat and excess water. 


HOT-WATER VALVE COM P03I1 lON-DiSC STEAM VALVES 



{Crane Co.) 

Fig. 166. Radiator valves. 

220. Radiator Valves. The control valves used with the radiators 
of any heating system are important items. The material of construc¬ 
tion of valve bodies is usually brass, and they nre made in angle, 
straight-away, and right- and left-hand corner patterns for both steam 
and hot-water service. The valve action in both opening and closing 
may be quick or slow. Valves are also made to give graduated or 
fractional opening with the amount of port opening indicated by a 
pointer attached to the valve stem or handle. Graduated-control 
valves cannot be used with one-pipe steam systems and arc not gen¬ 
erally used for hot water. 

Figure 166 depicts the sections of angle radiator valves and indicates 
the external appearance of straight-away and corner steam radiator 
valves which have soft packing around the valve stem within the bon¬ 
net. The same valve may be used for hot-water radiators provided a 
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small hole is drilled in the seat web to allow some water to circulate 
when the valve is closed, thereby preventing the water in the radiator 
from possible freezing. A 
packless-type angle radia¬ 
tor valve is illustrated by 
Fig. 167. These valves 
are also made with gradu¬ 
ated control. Part A is a 
collar machined on the 
valve stem against whic^h 
stainless-steel wafers B 
press to form a tight annu¬ 
lar metal-to-metal seal 
against the leakage of 
steam, water, or air. 

All radiator valves 
should be provided with a 
union between the valve 
body and the nipple whicdi 
is screwed into the tapping of the radiator tapping bushing. This 
arrangement facilitates the connection of the radiator to the supply 
piping. 

221. Radiator Traps. These devices function to allow the escape 
of condensate and air from radiators and are used in connection with 
vapor, vacuum, and other two-pipe steam-heating systems. Radiator 



{J. P. Marsh Co.) 


Fkj. 107. Pa,ckl(‘.ss radiator valve. 



Fia. 168. Thermostatic, radiator traps. 


traps should be positive in their action of freeing the radiator of water 
and air but should always prevent the escape of steam. Present-day 
radiator traps are generally thermostatic devices built in various 
commercial forms, three of which are illustrated in Figs. 168 and 169. 
Thermostatic traps are comprised of a body, having an inlet opening 
and an outlet port with a seat, together with a cover to which may be 
attached a thermostatic element. The corrugated element is made of 
some alloy, such as bronze, and has sealed within it a volatile fluid 
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which is properly compounded to provide for the expansion and con¬ 
traction of the element over a range of temperatures. When the 
thermostatic element is cool it is contracted and the outlet port is 
open. 

Steam entering a cool radiator by reason of its pressure forces the air 
of the radiator through the open port of the trap to the return piping. 

Steam condensation also occurs, and the water 
thus produced is discharged by the trap until 
the radiator is filled with steam and the thermo¬ 
static element is heated. Heat from the steam 
then vaporizes enough of the volatile fluid to 
create a pressure within the unit sufficient to 
overcome the external pressure and the spring 
action of the corrugatevl n^etai which holds the 
closing member away from the outlet port. As 
soon as the element has a sufficient pressure 
within it, the port is (dosed and the escape of 
steam prevented. When the radiator is in 
normal operation, the thermostatic element 
does not alternately completely close and 
then fully open the outlet port but adjusts 
itself to operating conditions to permit an 
uninterrupted discharge of air and water from 
the radiator at a rate sufficient to keep the 
interior surfaces free from both. 

Thermostatic traps are made in angle, straight-away, and corner 
patterns for both high- and low-pressure duty, lligh-duty traps 
operate with pressures ranging from 15 psig to 25 in. of mercury 
vacuum. Low-duty traps function with pressures ranging from 15 
psig to 15 in. of mercury vacuum. 

Thermostatic blast traps are similar to radiator traps, but they have 
larger capacities and are suitable for higher operating pressures. 
Thermostatic blast traps may be obtained in angle, straight-away, and 
corner patterns. The trap illustrated in Fig. 144a is not suitable for 
use where air must be discharged. 

222. Automatic Air Valves. One-pipe steam radiators require a 
vent to discharge the accumulation of air and other non-condensable 
gases within the radiator. Such devices are of various forms, but in 
general all such equipment embodies some form of a float and thermo¬ 
static arrangement. 

The illustration of Fig. 170 shows a valve which has a body enclosing 
a float containing a volatile fluid. Air and other non-condensable 
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(Sarco Co., Ine.) 

Fio. 169. Vertical trap 
for concealed radiation. 
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gases pass through the opening in the seat and escape through an 
adjustable port in the top cap. The cap has six various-sized orifices, 
and the venting rates of the radiator air valves can thereby be regu¬ 
lated so that the different parts of the system will heat uniformly. 
The valve is attached to the radiator by a nipple screwed into a ^-in. 
pipe tapping. As air is heavier than steam the proper location for the 
air valve would be at the bottom of J.3 railiator in the end farthest 
from the inlet valve. Because of 
the danger of the air valve being 
flooded with water the >'’alve is 
usually attached to the radiato)* at 
a point located at about two-thirds 
of its height. The hinged tongue 
entering the radiator through the 
valve tapping aids in freeing the 
valve of water by causing the for¬ 
mation of a drop of water l)etween 
it and the radiator tapping boss to 
start drainage. 

The bottom of the float (contains 
a flexible diaphragm which is 
pushed downward when steam 
causes the volatile liquid within the 
float to vaporize. This action 
pushes the float upward to cause 
the valve pin to close the vent port 
when steam enters the shell. When the shell fills with watei* the 
float also lifts, thereby closing the vent to prevent the escape of 
water. When steam or water is not causing the vent to be closed, 
free discharge of air is secured. 

Valves of this sort are made in the non-return or vacuum type as 
illustrated by Fig. 171. The construction illustrated in Fig. 171 
includes the features of the vacuum check and the vacuum diaphragm 
which are not a part of the design of Fig. 170. The vacuum-check 
disc at the vent port prevents the ready return of air into the valve. 
A slight vacuum produced in the air valve causes the external air 
pressure, exerted through the atmospheric port upon the vacuum 
diaphragm, to force the float to be lifted and to make its needle to 
positively close the seat opening. Valves similar to that shown in 
Fig. 171 prevent the return of air to a radiator and allow a vacuum 
to form in the heating system as the result of steam condensation so 
that vapor may be supplied to the radiators at a temperature less than 



Fig. 170. Hadijitor air valvo. 
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212 F when the fire in the boiler furnace is not active. Under such 
conditions heat will be maintained in the radiators for a longer period 
of time than when a vacuum is not created in the system. 

Air valves embodying similar features and suitable for the ends of 
one-pipe and two-pipe steam mains are shown by Fig. 172. In the 
illustration of the main vent (vacuum) the valve is shown to function 
when the barometric pressure exerted through the atmospheric tube 
within the bellows holds the float in a position so that its pin closes the 
vent port. The main vent (open) is primarily a valve for air elimina¬ 
tion from the piping of steam unit heaters, but it may be satisfactorily 
used at the ends of steam mains. 

223. Flow of Steam in Pipes. Frictional resistance is offered to the 
flow of fluids by the interior surfaces of pipes. The resistances arc 
overcome by the expenditure of a part of the pressure which the fluid 
initially exerts upon the pipe walls. In a pipe line L feet in length, 
when the initial fluid pressure is pi at one end and the final fluid pres¬ 
sure on the pipe walls is p 2 after the fluid has traveled L feet, the fluid 
pressure loss is p = pi — p 2 , pressures being in pounds per square 
inch. 

The frictional resistance to flow is independent of the absolute j)r(^s- 
sure exerted by the fluid on the pipe walls; it varies almost as thi^ 
square of the velocity of flow and directly as the density of the fluid, 
the pipe length, and the interior perimeter of the pipe. 

Various equations have been developed for use in the calculation of 
the pressure losses of fluids as they flow in ducts and pipes. C'hief 
among these are those (1) Avhich employ a dimensionless ratio known 
as Reynold's number, and (2) those which express pressure losses in 
feet head of fluid flowing as a function of v^/ 2 ( 7 , where v is the velocity 
of flow, fps; and g is 32.17 ft per sec^. For the flow of steam in pipes 
Babcock’s equation, based on the theory underlying the second desig¬ 
nated method, is satisfactory for most purposes. 

The loss of head, in feet of fluid flowing, is = I44p/d, where p is 
the pressure loss, psig in a given length of pipe; and the fluid density 
is d lb per cu ft. A commonly used equation for the losses of head in 
pipes and ducts is 


_ fLRv^ 
A2g 


(101) 


here h = loss of head in feet of fluid flowing. 

/ = a dimensionless coefficient of friction. 
L = duct or pipe length, ft. 

R = duct or pipe circumference, ft. 



312 


HEATIN(; WITH STEAM 


V = velocity of flow, fps. 

A = duct or pipe internal cross-sectional area, sq ft. 
(j = acceleration due to gravity, 32.17 ft per sec^. 


•^rhe values of R and A, in equation 101, can be expressed in terms 
of the pipe diameter D ft vls R = tD and A = to give 


Dg 


( 102 ) 


Unwin expressed the coefficient / as K{1 + 3/lOZ)) which becomes 
A"(l + 3.(y/Di) where Di is the internal diameter of the pipe in inches. 
Cl. II. Babcock experimentally established K =- 0.0027 for the flow 
of steam in pipes. When the pipe diametei* is known the weight of 
st(^am flowing per minute with a velocity of f| s c m be calculated. 
The average density d of the steam is the reciprocal of its average 
specific, volume Vg or 1 /vg. Also the velocity of flow in feet per second 
may be comi)ut(Hl Avhen the weight of steam flowing per minute is 
known. Derived ecpiations for w and v are 



V 


{^Xnvvg 


When use is made of the pnH’eding expressions and relations Babcock^s 
(Hpiation may be developed from ecjuation 102 as 


p= 0.000130() 



urfjVg 

dT 


(103) 


The portion of equation 103, represented by 0.0001300 (1 + 3.0/Z>i) 
I)i^ always remains a constant for a given size of pipcj and can be 
represented by a symbol C in the following equation 

p = Cw^Lvg (104) 


Values of C for commercial steel and wrought-iron pipe are given in 
Table 74. 

224, Allowances for Pipe Fittings and Entrance Losses. The pres¬ 
sure loss of steam flowing in a pipe as given by equation 104 is based 
on a straight length of pipe equal to L feet. Additional frictional 
resistance is also offered as steam must enter the pipe through a square- 
edged opening such as the outlet connection from the steam space 
of a boiler. Pipe fittings like tees, elbows, and valves also offer addi¬ 
tional resistances to flow. A common practice is to make allowances 
for additional resistances offered by valves and fittings. This is done 
by estimating the length of straight pipe which has the frictional 



ALLOWANCES FOR PIPE FITTINGS AND ENTRANCE LOSSES 313 

TABLE 74 


Constant C for Babcock’s Equation 


Nominal 

Actual 


Nominal 

Actual 


Iron 

Inside 


Iron 

Inside 


Pipe 

Diameter 


Pipe 

Diameter 


Size, 

of Pipe, 

Constant 

Size, 

of Pipe, 

Constant 

In. 

In. 

C 

In. 

In. 

C 

1 

1.049 

0.000,456 

A 

4.026 

0.000,000,234 

It 

1.380 

0.000,094,1 

5 

5.047 

0.000,000,068,3 

li 

1.610 

0.000,039,1 

6 

6.065 

0.000,000,024,1 

2 

2.067 

0.000,009,48 

8 

7.981 

0.000,000,005,85 


2.469 

0.000,003, iiO 

10 

10 020 

0.000,000,001,76 

3 

3.068 

0.000,001,01 

12 

12.000 

0.000,000,000,682 


3.548 

0.000,000,468 





equivalent of each pipe entrance and fitting. The extra allowance for 
each additional resistance is added to the length of straight pipe in the 
line, and the value of L in equation 104 should he the equivalent length 
of the line. Table 75 gives equivalents which may be used in comput¬ 
ing the value of L. 

TABLE 75 


Length in Feet of Pipe to be Added to AcmiAL Lenotii of Run—Owing to 
Fittings—to Obtain Equivalent Length* 


Size of 
Pipe, 

In. 

90-Dog 

Klbow 

Side Outlet 
‘'I'ce 

Gate 
Valve t 

Globe 
Valve t 

Angle 
Valve t 

Length in Feet to Be Added to Run 

1 

1.3 

3 

0.3 

14 

7 

3 

T 

1.8 

4 

0.4 

18 

10 

1 

2.2 

1 5 

0.5 

23 

12 

It 

3.0 

6 

0.6 

! 29 

15 


3.5 1 

7 

0.8 

34 

18 

2 

4.3 1 

8 

1.0 

46 

22 

2i 

5.0 

11 

1.1 

54 

27 

3 

6.5 

13 

1.4 

66 

34 

3i 

8 

15 

1.6 

80 

40 

4 

9 

18 

1.9 

92 

45 

5 

11 

22 

2.2 

112 

56 

6 

13 

27 

2.8 

136 

67 

8 

17 

35 

3.7 

180 

92 

10 

21 

45 

4.6 

230 

112 

12 

27 

53 

5.5 

270 

132 

14 

30 

63 

6.4 

310 

155 


* From ASHVE Guide, 1948. 
t Valve fully open. 
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In order to estimate heat losses from pipe fittings their external 
areas must be known. These depend upon the design ol the fittings, 
but the areas of Table 76 may be taken as representative. 

TABI.K 76* 


Arkas of Flanged Fittings, Square Feet! 


Nomi¬ 
nal Pipe 

Flanged 

('oupling 

90-Deg Ell 

Long Radius 
Ell 

Tee 

Cross 

Size, 

Tn 

Stand- 

Extra 

Stand- 

Extra 

Stand- 

Extra 

Stand- 

Extra 

Stand- 

Extra 

in. 

ard 

Heavy 

ard 

Heavy 

1 

* ard 

1 

I leivy 

aid 

1 leavy 

ard 

Heavy 

1 

0.320 

0.438 

0.795 

1.015 

0.892 

1.083 

1.235 

1.575 

1.622 

2.07 

li 

0.383 

0.510 

0.957 

1.098 

1.084 

1.340 

1.481 

1.925 

1.943 

2.53 


0.477 

0.727 

1.174 

1.332 

1.337 

1.874 

1.8>5 

2.68 

2.38 

3.54 

2 

0.672 

0.848 

1.65 

2.01 

1.84 

2.16 

2.54 

3.09 

3.32 

4.06 

2i 

0.841 

1.107 

2.09 

2.57 

2.32 

2.76 

3.21 

4.05 

4.19 

5.17 

3 

0.945 

1.484 

2.38 

3.49 

2.68 

3.74 

3.66 

5.33 

4.77 

6.95 

H 

1.122 

1.644 

2.98 

3.96 

3.28 

4.28 

4.48 

6.04 

5.83 

7.89 

4 

1.344 

1.914 

3.53 

4.64 

3.96 

4.99 

5.41 

7.07 

7.03 

9.24 

5 

1.622 

2.18 

4.44 

5.47 

5.00 

6.02 

6.81 

8.52 

8.82 

10.97 

6 

1.82 

2.78 

5.13 

6.99 

5.99 

7.76 

7.84 

10.64 

10.08 

13.75 

8 

2.41 

3.77 

6.98 

9.76 

8.56 

11.09 

10.55 

14.74 

13.44 

18.97 

10 

3.43 

5.20 

10.18 

13.58 

12.35 

15.60 

15.41 

20.41 

19.58 

26.26 

12 

4.41 

6.71 

13.08 

17.73 

16.35 

18.76 

19.67 

26.65 

24.87 

34.11 


* ASHVE Guidt, 1948. 

t Including areas of accompanying flanges bolted to the fitting. 


226. Example of the Calculation of the Pressure Loss in a Steam 

Line. The following will serve as an example of the calculation of the 
pressure losses in a low-pressure steam line. 

Example. A 6-in. steam line receives steam initially dry at a pressure of 20 
psia and must deliver the equivalent of 5000 lb of dry steam per hour at the 
outlet end. The line has 400 ft of straight pipe, one gate valve, 25 pairs of flanges, 
and six 90-deg elbows. The pipe is insulated with covering which is 80 per cent 
efficient and is installed in a conduit where the average air temperature is 95 F. 
The loss of heat per square foot of bare pipe surface may be taken as 2.2 Btu per 
sq ft per hr per deg F. Find the pressure losses in pounds per square inch. 

Solution. The external areas of the bare pipe and fittings are from Tables 68 
and 76. 


Straight pipe, 400 X 1/0.676 

= 694.4 sq ft 

Gate valve, same as a tee, 1 X 7.8 

- 7.8 

Flanges, 25 X 1.82 

= 45.5 

Elbows, 6 X 5.13 

= 30.8 

Total 

778.5 sq ft 
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The weight of dry steam condensed in the line at 20 psia is 


778.5 X 


2.2(228 - 95)(1 - 0.8) 
960.1 


47.4 lb per hr 


When the average steam-linci temperature is taken as 228 F the enthalpy of evapo¬ 
ration is 960.1 Btu per lb. These values are taken with small error for a pressure of 
20 psia as the average steam pressure in the line is not known at this stage of the 
calculations. 

The total dry steam which must be fed into the line is 5000 + 47.4 = 5047.4 lb 
per hr or 5047.4 ^ 60 = 84.1 lb per min. At 20 T)sia pressure, Vg = 20.089 cu 
ft per lb. The equivalent length L of the line, Table 75 is 400 + (6 X 13) -f- 2.8 
= 480.8 ft. Then p = 0.000,000,0241 X 84.12 x 480.8 X 20.089 = 1.65 psig. 
This value is sufficient for most purposes. If greater accuracy is desired, the 
approximate pressure loss, as just computed, being known, the calculation can be 
remade using 20 — 0.83 = 19.17 psia as the average pressure in the steam line. 
I'he pressure loss as computed is (100 X 1.65) -i- 480.8 = 0.343 psig or 5.5 oz 
per 100 equivalent feet of length. 


A pressure loss of one ounce or 0.0625 psig. per 100 equivalent ft 
is considered satisfactory in designing the steam-distributing piping 
of many steam-heating systems. 

226. Steam-Flow Pressure-Loss Charts. The data relative to the 
flow of steam in commercial pipes, as obtained by the use of Babcock^s 
equation, are often presented graphically as in Fig. 173. The data 
are affected by both the average pressure and the condition of the 
steam. The data of Fig, 173 arc true for dry saturated steam at 
16 psia. 

227. The Piping Design of Steam-Heating Systems. The pipes of 
steam-heating systems are obliged at times to carry three media: 
steam, air, and water. "The condition often arises where water must 
flow in a pipe in a direction counter to the steam flow. All pipes must 
have capacity to function under heavy load conditions, and provisions 
must be made for expansion, contraction, drainage of water, and the 
removal of air and other non-condensable gases. 

The sizes of pipe based on the allowable pressure losses may be 
determined by the method of Art. 223 when the flow of steam and 
water is parallel as in mains and down-feed risers. Because of the 
possibility of the critical velocity of steam flow being reached or 
exceeded in pipes where counterflow of steam and water occur, this 
method should not be used unless the pipe size is based on an allowable 
steam velocity which is below the critical velocity of flow. The 
critical velocity is the one at which steam will pick up and carry with 
it water flowing counter to the steam flow. Places where critical 
velocity of flow should be considered are in the branches from mains 
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to undrippcd up-feed risers and the ninouts from risers to one-pipe 
steam radiators. A partially closed valve of a one-pipe steam radiator 
will also cause the critical velocity of flow to be exceeded at that 
point. In t>v()-pipe up-feed supply risers the counter-flowing con¬ 
densation is generally not sufficient to cause trouble if the risers are 



Fig. 173. Pressure losses and flow of steam in commercial pipes. 


insulated as they should be. Critical velocities of steam flow are 
variable depending upon the size of the pipe, its pitch, and the amount 
of water handled. They range from 11 to 70fps. Generally, critical 
velocities are lower in small pipes than in larger ones. 

Whenever possible, pipe sizes may be determined by means of either 
Babcock^s equation or a chart similar to that of Fig. 173. The total 
equivalent length of pipe cannot be determined for Babcock’s equation 




THE PIPING DESIGN OF STEAM-HEATING SYSTEMS 317 


TABLE 77* 

Steam-Pipe Capacities for Low-Pressure SystemsI'I: 

Reference to this table will be by column letter A through L 


Capacities of Steam Mains and Risers 

_ _I_ Special Capacities for 

Ono-Pipc Systems Only 

Direction of Condensation Flow in Piiic Lino 



With the Steam in ( 

!)ne-Pipe and Two-Pipe 

Against the 


Radi¬ 


Pipe 



Systems 



Steam 

Two- 


Radi¬ 

Size, 







Pipe Only 

.Supply 

ator 

V al V es 

ator 

In. 









Risers 

and 

and 


A Pai 

2^1 Psi 

A Psi 

I Psi 

i Psi 

^ Psi 



Up- 

Foed 

Vertical 

Riser 

Run¬ 


or 

or 

or 

or 

or 

or 


Hori¬ 

zontal 

Con¬ 


i-Oz 

l-Oz 

1-Oz 

2-Oz 

4-Oz 

3-Oz 

Vertical 


nections 

outs 


Drop 

Drop 

Drop 

Drop 

Diop 

Drop 




A 

B 

C 

D 

E 

. 

F 

G 


/!! 


K 

.ii 





Capacity Expiosse<l, S<i Fv 

lOdr 




\ 



30 




30 


25 



1 

*39 

‘46 

56 

79 

111 

1.57 

56 

■ 34 

45 

' 28 

‘ 28 

11 

87 

100 

122 

173 

245 

346 

122 

7.5 

98 

62 

62 

U 

134 

155 

190 

269 

380 

.538 

190 

108 

1.52 

93 

93 

2 

273 

315 

386 

546 

771 

1 .091 

386 

195 

288 

169 

169 

n 

449 

518 

635 

898 

1,270 

1.800 

635 

.305 

464 


260 

3 

822 

948 

1,160 

1,650 

2,330 

3,290 

1130 

700 

800 


475 

dh 

1,230 

1,420 

1,740 

2,460 

3,470 

4,910 

1550 

11,50 

1140 


745 

4 

1,740 

2,010 

2.460 

3,480 

4,910 

6,050 

2040 

1700 

1.520 


1110 

5 

3.210 

3,710 

4,550 

6,4,30 

9,090 

12,900 


31.50 



2180 

6 

5,280 

6,100 

7,460 

10,5.50 

14.900 

21,100 




. . . 


8 

11,000 

12,700 15,.500 

21,970 

31,070 

43,900 






10 

20,000 

23,100 28,300 

40,100 

.56,700 

80,200 




... 


12 

32,000 

37,100 45,500 

64,300 

91.000 129,000 


.. . 




16 

61,000 

60,700 84,800| 121.000| 170,000|242,000 










Capacity 

Expressed, Lb po 

r Hr 




a 



8 




8 


6 


7 

1 

10 

12 

14 

20 

28 

40 

14 

’ 9 

11 

■■■7 

7 

11 

22 

25 

31 

43 

61 

87 

.31 

19 

20 

16 

16 

li 

34 

39 

48 

67 

95 

1,35 

48 

27 

.38 

23 

23 

2 

68 

79 

97 

137 

193 

273 

97 

49 

72 

42 

42 

2i 

112 

130 

159 

225 

318 

449 

L59 

99 

116 


65 

.3 

206 

237 

291 

411 

581 

822 

282 

175 

200 


119 

31 

307 

355 

434 

614 

869 

1 .230 

387 

288 

286 


186 

4 

43.5 

503 

614 

869 

1,2,30 

1,740 

511 

425 

380 


278 

.•> 

806 

928 

1 ,140 

1.610 

2.270 

3.210 


788 



545 

6 

1,320 

1,520 

1,870 

2.640 

3,730 

5,280 






8 

2,750 

3,170 

3,880 

5.490 

7,770 

11,000 






10 

.5,010 

6,790 

7,090 

10,000 

14,200 

20,000 






12 

8,040 

9,290 

11.400 

16,100 

22,700 

32,200 






16 

15.100 

17,400 

21.200 

30,300 

42,400 

60,500 







All Horizontal Mains and Down-Feed Risers 

Up- 

Feed 

Mains 
and U n- 
dripped 

Up- 

Feed 

Radi¬ 

ator 

0 ^ on** 

Run¬ 

outs 

Not 

1 Dripped 








Risers 

Run¬ 

outs 

Risers 

nectiona 


* From “ Heating Ventilating Air Conditioning Guide 1948.” Used by permission, 
t This table is based on pipe-size data developed through the research investigations of the 
American Society of Heating and Ventilating Engineers. 

t All drops shown are in pounds per square inch per 100 ft of equivalent run—based on pipe 
properly reamed. Steam at an average pressure of 1 psi is used as a basis for calculating capacities. 

t Do not use column // for drops of jA or A PSi; substitute column B or column C as required. 
On radiator runouts over 8 ft long, increase one pipe size over that shown. 

Do not use column J for drop of Ar Psi except on sizes 3 in. and over; below 3 in. substitute 
column B. 

























TABLE 78 

Return-Pipe Capacities* 

Reference to this table will be by column letter M through EE 
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until the pipe size is established by a trial calculation using only the 
total length of straight pipe involved. After the trial size is deter¬ 
mined, the calculation for actual pressure losses is made using an 
equivalent length of pipe, which includes the allowances for fittings, 
and if the computed pressure losses per 100 ft do not exceed those 
specified or desirable the sizing is completed. If the pressure losses 
are excessive the next larger size of pipe must be taken and the com¬ 
putations made again. 

The pressure losses allowable in heating systems vary somewhat 
with the system. In generftl, they should not exceed 1 oz per 100 ft, 
and it may be desirable to have them less. 

228. Tables of Steam-Heating Pipe Sizes. As a result of extensive 
research, conducted through tlie agency of the American Society of 
Heating and Ventilating Engineers, j)ipe sizes to serve various amounts 
of standard direct radiation have been ascertained for the various types 
of steam heating systems. These data are presented in Tables 77 
and 78, which are reproduced by special permission. 

229. Orifices for Steam Radiators and Convectors. The distribu¬ 
tion of steam to the various radiators and convectors of a heating 
system is of prime importance. Each heat disseminator should 
receive simultaneously with the others of the system an adequate 
amount of steam in accordance with the supply pressure and the heat 
recpiirements of the space at its locations in order to give uniformity 
of heating and satisfactory air temperatures. Commercial sizes of 
pipes and valves, based on the data of Table 77, operate with varia¬ 
tions of steam pressures and volumes for reasons mentioned in Art. 
223. Some form of a radiator orifice may be used to balance a two- 
pipe system; its use causes operating difficulties in one-pipe systems 
because of interference with water drainage from the heat disseminators 
installed. 

Orifices available are those having adjustable openings and those 
with fixed ports. An adjustable orifice may be part of the radiator 
control valve or it may be a separate fitting. Adjustable orifices 
have the advantage over fixed-opening units in that they do not have 
the limited range of capacity that a particular size of fixed-opening 
unit has. Although orifices can be placed at various locations in 
the steam piping of a heating system to restrict flow the most con¬ 
venient and satisfactory placement is at the steam inlet of each heat 
disseminator. 

The offset-type adjustable orifice shown by Fig. 174 is applicable 
to installation with certain forms of convectors and radiators. The 
port A, through which steam enters the concealed radiator, is higher 
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than the lower part of the radiator tube so that water cannot accumu¬ 
late above it and cause noise. The conical-shaped restrictor B is 
adjustable for a radiator of any size and stack height by removing 
water- and steam-tight cap D and rotating screw C by means of a 
screwdriver. Figure 175a shows ‘an angle-type radiator valve with a 



(C. A. Dunham Co.) 


Fr<i. 174. Section through 
adjustable regulating fitting 
for concealed radiation. 



Fia. 175. Metering ori¬ 
fice. 


union and a tail piece or nipple which is screwed into the radiator 
tapping bushing. A fixed-orifice plate may be placed within the nipple 
as shown by h or it may be located in the union at c in Fig. 175. 
As a result of investigations by Sandford and Sprenger^ the sizes of 
orifices as given by Table 79 are recommended for different amounts 

TABLE 79 

Radiator Orifice Sizes 

Based on orifice plates in. thick witli a mcaxiinum steam pressure 
differential of 6 in. of mercury 


Radiator 

Orifice 

Radiator 

Orifice 

Radiator 

Orifice 

Rating, 

Diameter, 

Rating, 

Diameter, 

Rating, 

Diameter, 

Sq Ft 

In. 

Sq Ft 

In. 

Sq Ft 

In. 

18 

A 

44 

A 

80 

A 

24 


52 

ii 

91 

« 

30 

i 

61 

A 

102 

li 

37 

A- 

70 

a 




* ‘‘Flow of Steam through Orifices into Radiators/' by S. S. Sandford and C. B. 
Sprenger, ASHVE Trans., Vol. 37, 1931. 
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of radiation. These data are based on a maximum drop in steam 
pressure of 6 in. of mercuiy through an orifice plate in. thick. 

The orifice system is inexpensive to install, but it requires consider¬ 
able attention in the matter of steam-pressure adjustment if the maxi¬ 
mum savings in the use of steam arc to be made. Table 80 gives the 
differential pressures across the orificre plates rc(;ommcnded by Sanford 
and Sprenger when the outdoor air temperatures vary. 


a^ABLi: 80 

Necessary Orifice Steam-Pressure Differentia!, for Several Outside-air 

n'EMCERATUUES 


Room-air torn porn uirc* '7 > * st 


Outside-Air 
Temperature, 
Dog F 
0 
10 
20 
30 


Pressure 
Differential, 
Jn. of Mercury 
f) 

4.5 

3.2 

2.J 


•.in' 


pressure in radiator 0 psig 


Outside Air 
Temperature, 
Deg F 
40 
50 
(iO 


Pressure 
Differential, 
In. of Mercury 
1.2 
0.5 
0.1 


230. Heating Plans. Working draw ings of proposed heating jobs 
are essential and should give with clarity the necessary information. 
Symbols for pipes, fittings, ami other piiices of eipiipment are given in 
Table 134 of the Appendix. Use of these symbols saves time and pre¬ 
vents the draAving from becoming difficult to read because of a multi¬ 
plicity of detail lines. 

Figures 176 and 177 illustrate the use of symbols in the layout of 
heating plans. The scheme of placing the risers on the drawing as 
shown by Fig. 177 is satisfactory for small layouts. When a large 
number of radiators are to be served by a riser the scheme of Fig. 
178 is better. Here the various risers are numbered on the floor plans, 
and separate details, such as Fig. 178, are placed at convenient places 
on the plan sheets to show the risers, their sizes at various points, and 
the amounts of radiation to be served. 

231. Piping Details. The statements of Art. 207, relative to piping 
connections at boiler outlets are true for both steam and hot-water 
boilers. Figure 177 indicates how the plan of the piping around a 
steam boiler may appear. In addition many other details are neces¬ 
sary for the success of various steam heating systems. Figure 179 
shows some of the more common arrangements for both one-pipe and 
vapor and vacuum steam systems. These details are worked out with 
the idea of providing for expansion, the avoidance of water pockets 
which cannot be drained, the drainage of the system, and the removal 
of air from the supply mains and radiators. 
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(a) First Floor 



(b) Second Floor 

Fig. 176. Radiator sizes and locations. One-pipe steam heating system for 

residence. 
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232. District Heating with Steam. Frequently in eities and about 
institutions a single boiler plant to furnish heat to buildings is more 
feasible and economical than having boiler equipment located in each 

2 .. ^ ^ ^ building. The vehicle used to 

— ^^ carry the heat to the buildings may 

V' -* be either steam or water. Water, 

2''-j30“'! J .1 J although used to some extent, is 

2 " r40“'r ^ r ' f ' easily handled as steam as 

i"i V' ^ ^ it must be pumped. The problems 

^ J J J metering hot water and the 

iV'" 4 o“T ^ r I r . pressures required in tall buildings 

^ "1 also present some difficulties. 

J Steam may K* generated in large 

'r i ^ j modern holier r)lants with an effi- 

i''|_ 1 " I '"1 ciency of fuel utilization ranging 

IV' j ,1 1 from 70 to 88 per cent. Although 

IV' 50“'' ^ i I ' h)sses o(^eur in the distributing 

^ "j mains the final overall officiemy of 

V' t ’-i ^ fuel-heat utilization, taking into 

c~-c^ account all losses from fuel supply 

_heated spaces, ranges from 00 to 

65 per cent in district heating sys- 
Fig. 178. Riser diuKrum for a two- small individual boiler 

pipe steam heating system. i x n i n 

plants ini) yearly average overall 

plant efficiency may average from 50 to 00 per cent. 

The steam delivered by the boiler plant may arrive at the place of 
consumption at either high or low pressure. Often the steam pressure 
has to be reduced at the building where it is used. This can be done 
by pressure-reducing valves, or, where it is desired and the steam 
pressure is great enough, the pressure reduction can be effected by 
means of steam engines and turbines. These units serve as rotary 
pressure-reducing valves and produce poAver Avhich has a commercial 
value along with the exhaust steam available for heating. The heat¬ 
ing system used within the building may be of the types previously 
described. 

233. Steam-Distributing Lines in District Heating. Generally 
where large areas are served the mains are underground. These mains 
carry steam, at pressures ranging from 5 psig and up, and supply 
service through a system of smaller pipes to all points where steam is 
required. The service connections to individual buildings are taken 
from the underground distributing system. 

Steam is transported from the boilers by means of either trunk or 


Fig. 178. Riser diagnim for a two- 
pipc', steam heating system. 
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^ Acceptable / Preferred 

METHODS OF TAKING BRANCHES FROM MAIN 


Return Riser 




Supply Riser 



UPFEED BRANCH 
CONNECTION TAKEN 
FROM MAIN AT 45” 



Eccentric 


Reducer 

METHOD OF REDUCING 
SIZE OF MAIN 


Dry Return Main ^ Supply Main 

CONNECTIONS FOR UPFEED RISERS 


• Supply Main 


Minimum Cooling Leg 5'- 0'' Long 
Same Size as Trap 



LOOPING MAIN 
AROUND BEAM 


DRIPPING END OF SUPPLY MAIN 
INTO DRY RETURN 


Drop Riser or 
End of Main 


Dry Return Main 


Same Size 
as Main 7 


Minimum Cooling Leg 5^-0" Long 
Same Size as Trap 



> Supply Main 


Not less than 24*' 


DRIPPING DROP RISER OR END OF 
MAIN INTO DRY RETURN 



Dirt Pocket 
DRIPPING END OF MAINS 


Fig. 179. Steam heating piping details. 
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feeder mains. Trunk mains leave the boiler plant with their maximum 
size and decrease in size as lateral distributing pipes are taken from 
them. Feeder mains of uniform size carry steam at high velocities 
and often at high pressures to important locations where it is delivered 
to the distributing system at the proper pressure. The feeder system 
has the advantage that smaller lines leaving the plant may be used 

than arc possible with the 
more prevalent trunk sys¬ 
tem. District-heating pipe 
sizes may be computed from 
Babcock’s formula, equation 
104. 

234. Underground Tun¬ 
nels and Conduits. Steam 
pipes placed underground 
must be protected from me¬ 
chanical damagci, (corrosion, 
moisture, and the loss of 
heat from them; also pipe 
drainage and provision for 
expansion must be given 
attention. 

Underground steam pipes 
are placed in tunnels or pipe 
conduits; the conduits have 
many forms. Wherever 
possible, tunnels. Fig. 180, 
are very desirable as the 
pipes are more accessible 
Via. 180. Tunnel for underKTound steam the pipe insulation can 

mains at the University of Illinois. kept dry. Ihe tunnel 

may also serve to carry 
telephone and power cables as well as the lines for returning the 
condensate to the boiler house. Figure 181 shows the details of the 
methods of anchoring both the steam pipe and its expansion joints in 
the tunnel of Fig. 180. 

The pipes are supported upon rollers with pipe insulation between 
the rollers and the mains. The insulation between the pipe and its 
roller support carries the weight of the pipe. The outer surface of the 
‘‘85 per cent magnesia” covering of the pipes is protected from abrasive 
action by the pipe roller by sheet-metal sleeves placed about the cover¬ 
ing at the roller locations. 







UNDERGROUND TUNNELS AND CONDUITS 


327 



SECTION “A-A" 


SECTION “B-B- 



Fig. 181. Expaiision-joiut and pipe-anchor details, University of Illinois, 
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Two forms of pipe conduit, which are buried in the ground, are illus¬ 
trated by Fig. 182. Conduit a, made in sections with tongue-and- 
groove joints at the ends, has wood staves bound together with wire 
hoops and is coated on the outside with an asphalt material as a pro¬ 
tection against moisture from the earth. Inside the conduit is a tin¬ 
plated sheet-metal lining separated from the wooden walls by an air 
space. The pipe is placed within the metal lining without insulation 
other than that provided by the wood, the metal lining, and the air 
space. Conduit b is comprised of split sections of tile cemented 
together at tongue-and-groove joints. The pipes arc supported on 
rollers properly located, and loose insulation may be packed within 
the conduit around the pipes. 

Manholes must be constructed for conduits at intervals along the 
line to house stop valves, drainage traps, and expansion joints. 

235. Other Details of District Heating. The steam pipes in tunnels 

and conduits must be properly sup¬ 
ported and also anchored at various 
points. Expansion may be provided 
for by packed and packless expan¬ 
sion joints, pipe bends, and loops. 
The flow of steam and condensation 
within the pipes should be in the 
same direction wherever possible, 
and drip traps are necessary to re¬ 
move condensation at low places in 
the lines. Cood insulation, which 
can be kept dry, should be used to 
cover underground steam pipes and 
condensation returns. Tunnels and 
conduits should be buried deep 
enough to secure the maximum 
insulating effect of the surrounding 
earth. Whenever possible the con¬ 
densation from the distributing lines 
and that from the buildings served 
should be returned to the boilers to effect a saving of both heat and 
water. These return lines may be carried in the tunnels and conduits. 
Stop valves are required at strategic locations so that the steam may 
be shut off when repairs to the distributing lines are necessary. 

The heating systems served should be susceptible to and fitted with 
the proper temperature control of the air of the building; otherwise 
they may use an excessive amount of steam. 



{Builders Iron Foundry) 

Fio. 183. Sectional view of a shunt 
steam meter. 
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236. Measurement of Steam Used. Steam sold to consumers by 
district heating companies may be retailed on either a flat rate basis 
or on a rate per 1000 lb of steam used. In any event, it is desirable 
to know the amount of steam used in a building. 



Extending to Right of Center flowing into Compartment No. Z 

Turns Drum in Direction of Arrow 



Compartment No. 1 Ready to Empty. Compartment No. 1 Nearly Empty. 

Compartment No. 2 Full and Over- Compartment No. 2 Overrlowins 

flowing into Compartment No. 3 and Compartment No. 3 Nearly Tull 

{Central Station Steam Co.) 

Fig. 184. Condensation meter. 

The steam can be measured, as it enters the building, with a meter. 
Several types of meter are available; Fig. 183 illustrates one form. 
This meter operates on the basis that the steam flow is proportional 
to the pressure differential produced by an orifice placed in the meter. 
The pressure difference produced causes a flow of steam through the 
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nozzles to revolve the turbine blades in the shunt circuit. The turbine 
rotor drives the steam-flow recording mechanism. 

Steam consumption is also measured by condensation meters; Fig. 
184 illustrates the appearance and action of one type. It has a cylin- 
dri(5al copper drum which revolves on roller bearings within the cast- 
iron case. The condensate is introduced into the drum at its center 
by a slotted spout which does not touch the drum. The drum has 
scroll-shaped compartments, and as each compartment fills with water 
the center of gravity of the water shifts, causing the drum to rotate. 
Fach compartment discharges a definit/C quantity of water each revolu¬ 
tion of the drum. The motion of the drum is transmitted to a counter 
attached to the meter case. Although the meter compartments meas¬ 
ure the water volumetrically the record of the count^er is in pounds of 
condensate passed through the meter. 

PROBLEMS 

1. A 4-in. steam pipe is to carry steam with a pressure loss not to exceed 1.5 
oz per 100 ft of equivalent length. The equivalent length of the line is 300 ft, 
and the initial pressure of the steam is 5.5 psig when the baromotrie pressure is 
14.5 psi. If the heat losses from the line are neglected, find tluj weight of steam 
that it will handle in pounds per hour. 

2. A pipe line is to have 500 ft of straight length, 2 gate valves, 28 pairs of flanges, 
and five 90-deg elbows. The line is to be designed to deliver 9000 lb of steam per 
hr. The initial pressure of the steam is to be 25 psia, and the total pressure loss 
is not to exceed 2 psi when the pipe is covert'd with 1-in. air-(;ell covering and the 
temperature of the air surrounding the installation is 90 F. Find the required 
size of pipe. 



CHAPTER 11 


HEATING WITH HOT WATER 

237. Applications and Classifications of Systems. The use of water 
as a heat-carrying mediunrj finds applications in various forms of sys¬ 
tems which serve structure: such as small residences and buildings 
covering considerable gi'ound area and, in sonr.e cases, of considerable 
height. Water has the advantage over steam that its temperature 
may be easily regulated according to weather conditions so that air- 
temperature control within rooms is thereby facilitated. 

Flow of water in a system may be produced as the result of either 
density differences (see Art. 248) or by the action of a piirni). On 
these bases, system classifications arc gravity flow and forced cinmla- 
tion. Open systems have atmospheric pressure exerted upon the 
water of an expansion tank. Pressure systems may or may not have 
an expansion tank and function ^^^th mucli higher w ater pressures and 
temperatures than are possible wdth open systems. 

Open and pressure systems may have either up-feed or down-feed 
arrangements of the supply risers. Up-feed systems are further sepa¬ 
rated into (1) one-main installations whic.h have a single pipe to serve 
as both a supply and return main, and (2) two-main plants having 
separate supply and return mains. Overhead down-feed systems 
have supply mains above the level of the highest radiators served and 
return mains below the lowest radiators. All overhead systems may 
have either single or double down-feed risers. The overhead arrange¬ 
ment is prone to give more positive gravity circulation of w ater than 
is possible with up-feed risers. Examples of the foregoing forms of 
hot-winter systems are illustrated by Fig. 185. 

238. Single-Main Gravity Up-Feed System. The arrangement of 
the mains and risers in this system, illustrated in Fig. 185a, is the same 
as in the one-pipe forced-circulation system described later in Art. 257, 
except that the main size is not reduced betw^cen the tw^o tees w hich 
connect each radiator to it. Because of the necessity of reducing 
friction loss to a minimum all pipe sizes are proportionately larger in 
the gravity system. The perfection of the one-pipe forced-circulation 
system and its many advantages over gravity flow when a single main 
is used have practically eliminated this system from consideration for 
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new installations, though many systems of this type installed in years 
past are still functioning. 

239. Two-Pipe or Two-Main Up-Feed Systems. These systems 
differ from the one-pipe up-feed system in that a separate return main 
is provided. The return water is not mixed with the supply water so 


U Open expansion tank 


Shutoff 

valve 


Air 

valvev 




Boiler 
r- 



(a)Single-main upfeed system (6)Two-main upfeed reversed return system 


Circulating pipe to 
prevent freezing 
of water in the 


P] 


1 

i 

— ^ 

— f- 


'-n-l 

1 

i 

1 1 

^=1 

1 

1 

hi 

1 

J 




(c)Two-main 

upfeed direct • return system 




w=i 


(d)Overhead down-feed system with 
Single risers and a direct return 



(e) Overhead down-feed system with 
double risers and a reversed-return 

Fig. 185. Diagrammatic arrangements of five different hot-water heating 

systems. 


that the supply water is not cooled as rapidly in the main. The 
general arrangement of riser connections to the radiators is the same. 
The supply branch connections are taken from the top of the main. 
Return-branch connections made at the side of the return main are 
preferable. The supply main is graded upward 1 in. in 10 ft in the 
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direction of flow from the boiler, and the return main is given the same 
grade downward toward the boiler. 

The installation as shown by Fig. 185!) has a reversed-return main. 
The friction losses through the various circuits are more nearly the 
same with the reversed return than with a direct return, as shown by 
Fig. 185c. With the reversed-return main all radiators tend to 
heat simultaneously, whereas with the Jlrect return those radiator 
groups nearest to the boiler have the most rapid circulation of water. 
Although the reversed-return main may sometimes require a little 
more pipe than the direct return, i'S use 
is justified in reducing the sluggishness of 
radiators at some distance from the boiler 
or heater. 

Two-pipe systems permit the reduction 
of the supply-main size ^»s the radiator 
branches are taken off. The size of the 
return main increases as it approaches the 
heater and should equal, at the heater 
inlets, the size of the supply main leaving the heater outlets. A 
manually operated air vent similar to the one shown in Fig. 186 is 
required at the top of each radiator. 

240. Overhead Down-Feed Systems. These systems have an attic 
supply main and a basement return main. The heated water is 
carried directly from the heater by means of a main riser to the attic or 
overhead pipe space as illustrated by Figs. 185d and 185e. The main 
riser may be one pipe size smaller than the supply main leading to 
and away from it and should be adequately supported at its base. 
The upper end of the main riser should be enlarged by the use of a 
tee at least two pipe sizes larger than the main riser. The chamber 
thus formed aids in the elimination of air which is discharged from all 
parts of the system at this point through the expansion-tank vent. 
A properly installed overhead down-feed system requires no air valves 
at the radiators. 

The attic supply main is taken from the side outlet of the tee at the 
top of the main riser and is graded downward in the direction of water 
flow 1 in. per 10 ft. The attic main decreases in size as the branch 
connections to the separate risers are taken off. All branch connec¬ 
tions to down risers are taken from either the side or the bottom of the 
attic supply main. These branch connections must never be taken 
from the top of the attic supply main as they will become air bound 
and render the system inoperative. 

The radiators may be served by single down risers which carry both 
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supply and return water as shown in Fig. 185d, or they may have 
separate supply and return risers as in Fig. 185e. In any overhead 
down-feed hot-water system the supply connection should always be 
at the top of the radiator with the control valve at the outlet tapping 
at the bottom of the radiator. The single risers have the disadvan¬ 
tage that the top radiator receives the hottest water and the lower 
radiators receive cooler water. The separate supply and return risers 
allow the water to be delivered at a more nearly uniform temperature 
at the radiators. The radiator outlet connection with the control 
valve can be placed at either end of the radiator. When double risers 
are used the supply riser should always be by-passed through either a 

or a i-in. pipe connection to the return main. This connection 
maintains hot water throughout a supply riser when the lowest radiator 
is shut off. 

The return main increases in size as the return branches are attached 
to it and grades down toward the heater 1 in. in 10 ft. A direct or a 
reversed return may be used, the latter being preferable as more uni¬ 
form heating by the system is secured. An exception to this recom¬ 
mendation is in a down-feed system in which the boiler is placed on 
the same level as the radiators. In this special case it has been found 
that the system operates more satisfactorily if a direct return is used. 

241. Hot-Water-Heating-System Piping Details. Air will (collect 
at all high points in the piping and radiators unless vented. Care 
must always be taken to permit the removal of air from all parts of 
the system where water flow occurs in order that the system or parts 
of it will not be inoperative. All piping should have uniform grades. 
Mains grading downward in the direction of flow cannot be relayed 
or lifted in elevation unless an air vent is provided at the top of the 
relay. I^ong-sweep elbows should be used wherever possible, and the 
pipes should be free from internal burrs wherever they have been (!ut 
and threaded. Provision must be made by properly installing and 
grading the pipes for complete drainage of the system at the boiler 
or heater. Wherever reductions in pipe sizes are made in horizontal 
lines eccentric reducing fittings or couplings are necessary, and these 
must be installed so that the tops of all sections of pipe joined are in 
alignment thereby preventing air pockets. WTien two or more mains 
branch from a common header at the boiler or heater all must be 
arranged so that their tops are at a common level. 

242. Expansion Tanks. All systems require some arrangement to 
take care of the increase of Avater volume when it is heated; otherwise 
excessive and dangerous pressures will result at times. Open systems 
universally employ an expansion tank to absorb the increase of volume 
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when the water is heated. When an open-tank system is cold the 
water level in it should be near the bottom of the tank located with 
its lower part at least 3 ft above the top of the highest radiator. 

The volume of the expansion tank rccpiired depends upon the 
amount of water in the system and its temperature range together 
with the type of system, i.e., open or closed. The maximum range of 
water temperature to be considered in an open-tank system is from 
35 to 210 F. The densities of water at inese two temperatures are 
02.42 and 59.88 lb per cu ft, respectively. Hence, when 1 cu ft of 
water is heated from 35 to 210 F, its l^nal voKime is 62.42 -t- 59.88 = 
1.0425 times the original volu ne, w^^ch is an increase of 4.25 per cent. 
On this basis, the volume of the expansion tj nk should be 4.25 per 
cent of the volume of the system. Extra capacity is necessary in the 
expansion tank to take care of abnormal conditions and possible surges 
of the water. Excess capacity percentages based on amounts of direct 
radiation of open-tank systems are: less than 3000 sq ft, 100 per cent; 
and above 3000 sq ft, 70 per cent. 

The water volume of systems is based on the internal capacity of 
their radiators, as determined by Table 58, Chap. 7. In order to 
account for the volume of the piping and the heater, the volume of the 
system is taken as twice that of column radiators and 2.75 times that 
of tubular radiators. 

Dimensions and capacities of commercial tanks suitable for storing 
water-volume increases of open-tank systems are listed in Table 81. 

TABLE 81 
Expansion Tanks 


('apacity, 

Size, 

('apacity, 

Sq Ft' 

('apaoity, 

Size, 

Gapaeity, 
Sq Ft 

Gal 

In. 

of Hatliation 

Gal 

In. 

of Radiation 

8 

10 X 20 

250 

20 

10 X 30 

950 

10 

12 X 20 

300 

32 

10 X 30 

1300 

15 

12 X 30 

500 

42 

10 X 48 

2000 

20 

14 X 30 

700 





The dimensions of larger tanks than those listed are ascertained by 
calculations based on the necessary capacity. The tank diameters 
vary by 2 in. and the lengths by 6 in. A convenient ratio of length 
to diameter is 3 to 1. 

The location and connections of open expansion tanks are the best 
when they tend to facilitate the removal of air from the system. 
Expansion tank connections arc included in Fig. 185. Discharge of 
overflow water through air vents extending above the roof is not 
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desirable. The most satisfactory method of caring for an overflow 
is to return a pipe, attached to the vent above the tank, to a drain near 
the boiler in the basement. Vent pipes less than 1 in. in diameter are 
not satisfactory, and in cold localities outside vents require li* to 
l^in. pipe on account of the danger of their closure by frost accumula¬ 
tions. Expansion tanks located in cold attics can be protected in 
up-feed systems by a circulating pipe as indicated in Fig. 185c. 

Overhead down-feed systems do not require a circulating pipe if 
the expansion tank can be located reasonably close to the main riser. 
A water-gage glass attached to the tank tappings for the purpose of 
indicating the water level is very desirable but is not absolutely 
necessary. 

243. Open and Closed Expansion-Tank Hot-Water Systems. All 

the hot-water systems thus far described arc illustrated as open sys¬ 
tems, but they may be converted to or installed as closed systems. 
The water should never boil in any part of a hot-water heating plant. 
Open systems are limited in the matter of water pressures and the 
corresponding boiling temperature of the water. 

Pressure-systems or closed-tank systems carry hot water at higher 
temperatures than open systems without danger of boiling. Their 
pressures are limited by the safe working pressure of the structurally 
weakest portion of the equipment. As a result of being able to use 
water of high temperature, the pipes and radiators may be smaller 
than those necessary with open-tank systems. 

244. Pressure Systems. The water pressure at any point in an 
open-tank system varies directly as the distance of the point below 
the level of the water in the expansion tank. The temperature at 
which the water will boil at any location is dependent upon the abso¬ 
lute pressure exerted upon it, as given by Table 4, Chap. 1. 

Additional water pressure may be developed in an up-feed hot-water 
heating system by installing a closed expansion tank in the basement 
in the manner of Fig. 187. The tank is only partially filled with w^ater 
as some space is required for air which is compressed as expansion of 
the water in the system forces water into the tank and the pressure 
increase occurs. A pressure-relief valve is attached to the return 
piping in order to avoid excessive or dangerous pressures. When the 
pressure in the system exceeds the limit allowable the relief valve 
opens for water discharge until the pressure drops to that for which it 
is set. The relief valve should not function frequently as fresh water 
is required after the relief valve has discharged water. Repeated 
feeding of raw cold water containing mineral and other materials will 
lead to the deposition of scale in the heater. 
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If a closed expansion tank is properly sized for the system it is to 
serve there will be no loss of water from the relief valve as long as the 
expansion tank contains the 
necessary amount of air. Heat¬ 
ing and cooling of the system 
will gradually cause a transfer of 
air from the expansion tank to 
the tops of the radiators so that 
occasional draining of the tank 
is necessary to restore the nocx'^i- 
sary volume of air. Discharge 
of water from the relief valve is 
an indication that the expansion 
i ank does not contain a sufficient 
amount of air. 

246. Pressure Systems with¬ 
out Expansion Tanks. These 
systems are equipped with pres¬ 
sure-relief valves and automatic 
water feeders and may be used 
when good make-up water is available. The details of a Mueller sys¬ 
tem are given by Fig. 188. When the pressure within the system 



Fig. 188. Pressure hot-water heating system without expansion tank. 

becomes excessive or greater than that for which the relief valve is set 
the relief valve discharges water. When the excess pressure is relieved 





Fig. 187. Closed-tank pressure hot- 
water heating system. 
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the water feeder or pressure-reducing valve allows water from a service 
line to enter and replace that lost. 

Although there are many systems of this type in operation they are 
not recommended because frequent addition of water to the system 
is inevitable when no expansion tank is provided. The reduction in 
the first cost of the system through elimination of the expansion tank 
is usually a very small percentage of the total cost. 

246. The Sizing of Closed Expansion Tanks. The function of a 
closed expansion tank in a hot-water system is to maintain sufficient 
pressure to keep the highest radiators filled when the system is cold 
and prevent the creation of dangerously high pressures when the 
system is hot. This regulation of the pressure in a closed system is 
provided through the expansion and contraction of an adequate 
volume of air which is trapped in the upper portion of the expansion 
tank. The greater the volume of air trapped in the tank the less will 
be the variation in pressure as the temperature of the water in the 
system fluctuates through its operating range. The procedure to be 
used in calculating the required size of tank for any given system can 
best be illustrated by an example. 

Example. C'alculate the size of a closed expansion tank for a system having a 
volume of 200 gal. The highest radiators in the system are located 30 ft above 
the initial water level in the tank which is to have a volume such that the pressure 
in the tank will not exceed 25 paig when the average water temperature in the 
system is 200 F. Assume that the system will be filled with water at a tempera¬ 
ture of 60 F and that the barometric pressure is 14.7 psi. 

Solution, ''fhree different pre.ssures and three corresponding volumes must be 
considered. Before the system is filled with water the tank will be completely 
filled with air, and the pressure will be atmospheric. Therefore, Pi = 14.7 psia 
and V\ — the required volume of the tank. Wlien the system is filled with cold 
water, a portion of it will enter the lower part of the expansion tank, compressing 
the air in the tank until the pressure is equal to the hydrostatic head due to the 
column of water extending to the top of the highest radiators. Therefore P<i = 
14.7 -f- (30 X 62.34) -t- 144 = 14.7 -f- 13 = 27.7 psia, and F 2 is the volume of 
the air after it has been thus compressed. When the average temperature of the 
water in the system is then raised to 200 F a volume of water equal to the expansion 
for the entire system is forced into the expansion tank further compressing the 
air and raising the pressure to a maximum. Therefore P 3 — 14.7 -f- 25 = 39.7 
psia and F 3 is the volume of the air when subjected to this pressure. 

Since the water of the system does not circulate through the expansion tank the 
temperature of the air in the tank may be assumed to remain constant, in which 
casePsFs = P^V^. F 3 — F 2 = the expansion in the system which is 200(62.34 -r 
60.13) ~ 200 = 207.3 - 200 = 7.3 gal or 0.977 cu ft. Substituting F 2 - 0.977 
for F 3 in the above equation 39.7 (F 2 — 0.977) = 27.7F2 and solving, F 2 is found 
to be 3.23 cu ft. Likewise P 2 F 2 = PiFi or 27.7 X 3.23 = 14.7 X Fi, and Fi = 
(27.7 X 3.88)/14.7 = 6.09 cu ft. Since one cubic foot = 7.48 gal the volume of 
the tank in gallons = 6.09 X 7.48 = 45.5 gal. This is the minimum volume of 
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the closed expansion tank for this system and does not allow for any loss of air 
from the tank, nor does it allow for a pressure greater than atmospheric at the 
top of the radiators. The volume of the installed tank should be approximately 
double the minimum volume or around 90 gal. 


247. Computed Weights and Volumes of Water Handled per Hour. 

Expressions for the weight and volume of water to be handled per hour 
by radiators are easily stated in equation form. 

Weight of water, 

Hr = - k) 

(105) 

" *'2; 

Volume of water in cubic feet, 

Hr = Q X - h) 


Q 


_ Hr 

d'«)(G ^2) 


(106) 


Volume of water gallons, 


Hr 


G X X Hi - ^ 2)231 
r728 


G = 


Hr X 1728 


231 X - h) 


(107) 


where Hr = heat given off by the radiators, Btu per hr. 
ir,^ = weight of water handled, lb per hr. 

ti = inlet water temperatures, deg F. 

= outlet water temperature, deg F. 

Q = volume of water handled per hour, cu ft. 
dy, — mean density of water handled in the radiators, lb per 
cu ft. 

G = gallons of water circulated per hour. 

1728 -i- 231 = gal per cu ft 

Example. A tubular radiator rated at 100 sq ft of equivalent direct surface 
stands in air maintained at 05 F when is 180 F and <2 is 100 F. The supply and 
return connections arc l-J--in. pipe. Fiml the weight and volume of water handled 
per hour; also the average velocity of flow in the supply and return pipes. 

Solution. 


R' * 150 


[ 170 - es T ' 
170 - 70. 


159.8 Btu per hr per sq ft 


Hr = 100 X 159.8 = 15,980 Btu per hr 
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= 15,980 -5- (180 - 160) = 799 lb per hr 
dw — 60.8 lb per cu ft at 170 P" 

Q = 15,980 ^ 60.8(180 - 160) = 13.1 cu ft per hr 
O = (13.1 X 1728) ^ 231 = 98 gal per hr 

The average velocity of flow » in the supply and return pipes is calculated as 

<2 

V — -- = fps 

60 X 60 X A 

where A — internal cross-sectional area of pipe, sq ft. 


13.1 X 144 
60 X 60 X 1.496 


0.348 fps. 


Practical values of actual velocities of water flow in gravity systems 
when the water operating temperatures are 180 and 160 F range from 



Fig. 189. Elementary 
gravity-flow hot-water 
heating system. 


0.25 to 1 fps for pipe sizes from 1 to 6 in., and 
from 0.5 to 2 fps for pipes larger than 6 in. in 
diameter, 

248. Flow Production in Gravity Systems. 

The motive head which produces flow is due to 
the difference in weights of two columns of 
water of equal height and equal cross section. 
These column heights h are indicated by the 
sketch, Fig. 189, of an elementary hot-water 
system having a single radiator. The condi¬ 
tions are analogous to those of the chimney 
discussed in Art. 117, except that water is the 
fluid instead of flue gases. The heights h of 
the columns are taken as the distance between 
the mean elevation of the water space in the 
radiator and the mean elevation of the water 
space in the heater. 

The pressure difference P is P = h{dy ,2 — 
dwi)A lb per sq ft when the water densities in 
pounds per cubic foot are dy ,2 for the cool side 
and dwi for the warm side and A, the cross- 
sectional area of the columns, is one square 
foot. It is desirable to express the motive head 
either in feet of water at the mean density of 


the water flowing or in terms of milinches. The later isy^^ in.. 


or 1 in. is equal to 1000 milinches. The mean density of the water 
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flowing is and the motive head h' ft to produce flow is 

2iP/{dy )2 H" dy}i)j or 


i,dv>2 “ 1 “ dw\) 


(108) 


In terms of milinches, equation 108 becomes 


1000 X 12 X 2h{d^, dw l) 

{dw2 ~h dy}\) 


(109) 



100 no 120 130 140 150 160 170 180 190 200 210 220 230 240 

Temperature of Water in Supply Riser deg F 


Fig. 190. Head available per foot of water column in gravity-flow hot-water 

heating systems. 
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Data for the available head in milinches per foot of mean height are 
given for several inlet and outlet water temperatures at radiators by 
Fig. 190. As a matter of interest the theoretical velocity of flow 
corresponding to the available head A' can be ascertained. This veloc¬ 
ity is 

V = A/2^A'fps (110) 

Example. The system of Fig. 189 operates with water in the supply ris(^r ai 
190 F. (dwi = 60.35) and in the return riser at 170 F {du ,2 = 60.79). The mean 
height of the system, A, is equal to 10 ft. Find the available head in feet and 
milinches and the theoretical velocity of flow. 

Solution. Available head in feet, A' = 2 X 10(60.79 — 60.35)/(60.79 + 60.35) 
— 0.073. Available head in milinches, hmi = 1000 X 12 X 0.073 = 875. Theo¬ 
retical velocity, feet per second, — v = '\/2 X 32.16 X 0.073 — 2.16. 

249. Mechanical-Circulation Systems. Forced-circulation systems 

differ from those of gravity flow in 
that a pump or booster is installed in 
the return piping near the boiler. 
The function of the pump is to 
create mechanically a sufficient head 
to overcome the resistances offered 
to flow in the circuits of a hot-water 
heating plant. The pumps may be 
either very small units installed to 
improve the operation of gravity sys¬ 
tems, Fig. 191, or units of a size and 
strength to circulate water under 
considerable pressure as in Fig. 192. 
In large forced-circulation systems 
the expansion-tank connection should 
be in the suction line near the pump 
as indicated by Fig. 192. 

Mechanical circulation insures positive flow of the water irrespective 
of the mean height of the system or the drop in water temperature. 
As a result of the greater velocities of flow with forced circulation 
than are obtainable with gravity-flow the sizes of the system pipes 
may be made smaller. The gravity head produced in a forced circula¬ 
tion is so small in comparison with the head created by the pump that 
it usually may be ignored. 

Forced-circulation hot-water plants are suitable for tall buildings if 
the building is divided into zones with the heaters and pumps located 


To Room _ 
Thermostat 


I! 


Switch 



Fig. 191. Hot-water heating sys¬ 
tem with water circulator. 
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in the different zones. Equipment so placed is relieved of the major 
portion of pressure to which it would be subjected if placed in the 
basement. Forced-circulation hot-water systems have applications 
in buildings covering considerable ground areas and are employed to 
a limited extent in district heating. For underground hot-water 
mains in tunnels and conduits much of the discussion of Art. 234, is 
applicable. 



Fio. 192. Pump and heater arrangement for forced-circulation hot-water heating 

syst(‘in. 

260. Resistances to Flow in Hot-Water Heating Systems. The 

available head in gravity-flow systems is used entirely to overcome 
friction and other losses in the circuit traveled when water flow has 
been established. 

The available operating head is consumed by: entrance losses as the 
water passes from the heater to the supply main; entrance losses as the 
water leaving radiator enters the return piping; friction in the valves, 
fittings, and pipes; and turbulence and internal friction in the water. 
Account must be taken of the various losses when the sizing of the 
various pipes is based on the resistances of the circuit of which they 
are part. 

The experiments and research by Dr. F. E. Giesecke have established 
that the friction losses in clean commercial pipes vary as the 1.78 power 
of the velocity of flow, in feet per second, and in fittings as about the 
square of the velocity of flow. Friction losses are also dependent upon 
the water density, the size of pipe, and the characteristics of the inter¬ 
nal surfaces of the pipe. For new, clean, commercial steel and 
wrought-iron pipes, the friction losses, in terms of milinches of avail¬ 
able head used up per foot of pipe, as determined by Dr. F. E. Giesecke, 
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are given by Fig. 193. These losses per foot of pipe are given for 
several sizes of pipe with different rates of water flow in pounds per 
hour. As determined the losses are for a system with water at 190 F 
in the flow risers and 170 F in the returns. Although the friction losses 
vary somewhat with change of water density and its absolute viscosity 
the data of Fig. 193 may be used with small error for other tempera- 
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TABLE 82 

Iron and Copper Elbow Equivalents* 



Iron 

Copper 


Iron 

Copper 

Fitting 

Pipe 

Tubing 

Fitting 

Pipe 

Tubing 

Elbow, 90-deg 

1.0 

1.0 

Open-globe valve 

12.0 

17.0 

Elbow, 45-deg 

0.7 

0.7 

Angle radiator valve 

2.0 

3.0 

Elbow, 90-deg long-turn 

0.5 

0.5 

Radiator or convector 

3.0 

4.0 

Elbow, welded 90-deg 

0.5 

0.5 

Boiler i r heater 

3.0 

3.0 

Reduced coupling 

0.4 

0.4 

Tee, when used in place 



Open return bend 

1.0 

1.0 

of an elbovv 

1.8 

1.2 

Open gate valve 

0.5 

0.7 




* From “Heating Ventilating Air Cond'Moning Guide 1948.“ 

Used by per- 


mission. 


as far as the main circuit is concerned. The following equation^ may 
be used to determine the elbow equivalents of tees used in a supply 
main or in a return main when estimating the resistance in a branch 
circuit where a portion of the main stream is diverted through the side 
outlet of the tee or where flow in a branch is returned to a main through 
a similar arrangement. 


E = 0.75 



( 111 ) 


where E = elbow equivalent of the tee. 

Vm = velocity of the combined stream, in. per sec. 

Vb = velocity in the branch, in. per sec. 

Vm and Vb may be obtained from Fig. 193 if iron pipe is used or from 
Fig. 194 when the flow is through copper tubing. For a tee in a 
return main the stream of water entering from a branch disturbs the 
flow of the stream passing straight through, and the friction loss caused 
by this disturbance should not be neglected. The elbow equivalent of 
such an arrangement to be included in the resistance of the return 
main is given by the following: 


E 



( 112 ) 


where E = elbow equivalent of the tee. 

Vd = velocity downstream from tee, in. per sec. 

Vu = velocity upstream from tee, in. per sec. 

* “The Loss of Head in Cast Iron Tees,by F. E. Giesecke, W. H. Badgett and 
J. R. Eddy, BvUetin 41, Texas Engineering Experiment Station, (College Station, 
Texas. 
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Fittings at lettered points (see Fig. 196) in the supply main should be 
included in the downstream section. Fittings at lettered points in 
the return main should be included in the upstream section. 

After the sum of the elbow equivalents of fittings has been found 
for the portion of the circuit which is under consideration it may be 
converted to equivalent length of straight pipe or tubing in feet by 

1 (113) 

where D = the nominal diameter of the pipe or tubing, in. 

E = the sum of the elbow ecpiivalents. 


Flow of water in gpm 

0.4 0.6 0.8 1.2 1.6 2 3 4 6 8 10 14 20 30 40 FO 60 80100 160200 



0.150.2 0.3 0.4 0.6 0.8 1 1.5 2 3 4 5 6 78 10 15 20 2530 40 5060 80100 

II II III Flow of water in 1000 lbs per hr i i i I o o q o 

3 4 6 8 12 16 20 30 40 60 80 120160200 300 400 600800 8° S 8 

Heat in thousands Btu per hr delivered with 20 F water-temperature drop ^ ^ 

Fig. lt)4. Friction head of water flowing in Type-L copper tubing. 

The total equivalent length of the section being considered is then 
found by adding the ecpiivalent length of the fittings and the actual 
length of the pipe or tubing. 

The friction loss in a circuit constructed of iron pipe and fittings is 
given per foot of equivalent length by the chart of Fig. 193. Figure 
194 includes similar data which are applicable to piping systems in 
which copper tubes and fittings have been used. 

261. Systems as Affected by Pipe Sizes. The desirable condition 
is that the friction losses in all pipe circuits be the same and just equal 
to the total head available. This condition is practically impossible 
with commercial pipe and fittings. At best the design can usually 
only approximate the desired conditions, and compensations must be 
made for inexactness. 

In gravity systems the effects of all pipes too small are to retard the 
flow of water and increase its temperature drop which in turn tends to 
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increase the operating head but also reduces the amount of heat given 
off by the radiators. The effect of pipes too large are: reduced tem¬ 
perature drop of the water passing through the system, increased flow 
of water and heat transmission of radiators, and reduced operating 
head. Variable resistances in the circuits caused by improper pipe 
sizes, pipe burrs, and obstructions produce non-uniform heating of the 
system. Gravity systems are self-compensating in many respects so 
that systems laid out with inexact pipe sizes often, but not always, 
adjust themselves to a fairly satisfactory operating condition. Where 
the system cannot bring itself into sufficient adjustment, placing 
either variable orifice valves, adjusiab-e restrictor fittings, Fig. 195, 


By reversing the position 
or the tailpiece and the 
reversible thermometer 
well the fitting is con¬ 
verted into a straight¬ 
way pattern. 



Lock Nut 


SIDE VIEW OF FiniNG (SECTION) 


END VIEW OF FITTING 



OUTLET END VIEW OF 
RESTRICTOR MEMBER 


PLAN VIEW OF 
RESTRICTOR MEMBER 



SHANK END VIEW OF 
RESTRICTOR MEMBER 


Fig. 195. Onflow restriction fitting. 

in the radiator circuits or thin copper orifice plates in the unions of 
radiator connections helps to compensate for oversized pipes. Where 
the pipe sizes are all too small, in a gravity system, changes of opera¬ 
tion may be effected by means of a circulator. Forced-circulation 
systems have the motive force for the water created at one place, the 
pump. The selected pipe sizes are those of the minimum size and cost 
of installation which will not unduly increase the required head to be 
maintained by the pump and the expense of operation. 

The water may flow through a forced-circulation system so that it 
will cool from 10 to 30 deg F or any other reasonable number of degrees 
in the radiators. Generally a water temperature drop of 20 deg F 
in the system gives good results without excessive power requirements 
for circulating the water. Such operation of a system requires pump- 
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ing only half the amount of water necessary when the decrease in water 
temperature is limited to 10 deg F and allows for a future expansion 
of 50 per cent in capacity without increase in the amount of water 
handled per hour before exceeding the maximum drop of 30 deg F in 
the water temperature. 

Heat losses from insulated mains and pipes can usually be ignored. 
However, if it seems desirable, the actual amount of surface in the 
radiators can be decreased to compensate for the heat given off by 
the mains, etc., after the pipe sizes have been determined. When 
forced-circulation systems are used in residences, the mains and all 
other pipes are so small that the heat loss from them is negligible, 
even when they are not insulated. 

252. Sizing of Pipes for Hot-Water Heating Systems. In general 
the procedures for sizing the pipes of gravity-flow and forced-circula- 
tion hot-water heating systems are much the same. With gravity- 
flow systems the available head in a radiator circuit is dependent on 
the heights of two water columns and their differences in density. 
The design conditions thereby limit the available head in gravity- 
flow installations, and great care must be exercised in order that the 
friction losses for the conditions of the design do not exceed the head 
available in any water circuit. If a pipe is sized too small it cannot 
carry the requisite amount of water to supply the necessary heat to 
a radiator operating on the basis of a fixed drop in the temperature 
of the water within it with a given amount of available head. With 
forced circulation the available head is not limited by differences in 
water temperatures and elevation, and the problem becomes one of 
selecting pipes of such sizes that the required amount of water can 
be handled with a reasonable expenditure for power to drive the pump 
and an economical first cost for the installed plant. 

In either system the design should be made so that the resistances to 
flow in all water circuits are such that some circuits are not favored over 
others, thereby causing one portion of the building to heat more readily 
than other portions. With commercial pipes of uniform sizes in the 
different sections it is practically impossible to balance the circuits so 
that all function to give exactly the desired results. Therefore it may 
become necessary to introduce additional resistance in some water cir¬ 
cuits to balance their friction losses with those of other circuits. This 
can be done by inserting in those circuits where additional resistance 
is required either sections of pipe of a smaller size, balancing elbows and 
valves, or orifices which create an obstruction to flow. Table 83, 
based on the work of Dr. Giesecke, gives frictional data for central¬ 
opening circular-diaphragm orifices when placed in commercial pipes 



SIZING OF PIPES FOR HOT-WATP]R HEATING SYSTEMS 349 


TABLE 83 

Friction Heads (in Milinches) op Central Circular-diaphragm Orifices 

IN Unions* 


Diam¬ 
eter of 
Orifices, 
In. 

Velocity of Water in Pipe, In. per Sec 

2 

3 

4 

6 

8 

10 

12 

18 

24 

36 


J-in. Pipe 


0.25 

1300 

2900 

5000 

11,300 

20,800 

32,r>oo 

45 000 




0.30 

650 

1450 

2500 

5,700 

10,400 

16,000 

23,000 

57,000 



0.35 

330 

740 

1300 

2,900 

5,200 

8,000 

12,000 

26,000 

47,000 


0.40 

170 

380 

660 

1,500 

2,600 

4,000 

6,800 

13,000 

24,000 

53,000 

0.45 


185 

330 

740 

1,300 

2,000 

2,900 

6,500 

12,000 

27,000 

0.50 



155 

3^0 

6^:0 

970 

1,400 

3,200 

5,700 

13,000 

0.55 



75 

1701 

480 

700 

1,600 

2,800 

6,400 


1-In. Pipe 


0.35 

900 

2000 

3500 

7,800 

114,000122,000 

32,000 




0.40 

460 

1000 

1800 

4,000 

1 7,20i)| 

12,000 

17,000 

37,000 

65,000 


0.45 

270 

570 

1000 

2,300 

1 4,100 

6,400 

9,300 

21,000 

37,000 


0.50 

160 

330 

580 

1,400 

2,300 

3,700 

5,400 

12,000 

22,000 

50,000 

0.55 


190 

330 

750 

1,300 

2,200 

3,000 

7,000 

13,000 

28,000 

0.60 



200 

440 

800 

1,300 

1,800 

4,200 

7,400 

17,000 

0.65 



120 

260 

1 460 

1 720 

1,100 

1 2,400 

1 4,300 

10,000 





li- 

-In. Pipe 





o:^n 

“ioo^ 

2250 

4000 I 

8,900“ 

16,000i 

25,000 

36,0001 




0.50 

660 

1450 

2600 

5,800 

|10,400! 

16,400 

23,000' 

53,000 



0.55 

430 

950 

1700 1 

3,800 

6,800 

10,500 

15,000 

34,000 

60,000 


0.60 

280 

630 

1100 

2,500 

4,400| 

6,900 

10,000 

22,000 

40,000 


0.65 

190 

420 

750 

1,700 

3,000 

4,700 

6,700 

15,000 

27,000 

60,000 

0.70 

285 

510 

1,150 

2,000 

3,100 

4,500 

10,000 

18,000 

40,000 

0.75 


190 

330 

750 

1,300 

2,100 

3,000 

6,700 

12,000 

26,000 


IJ-Tn. Pipef 


0 

55 

850 

1900 

3300 

7,400 

13,ora 

21,000 

30,000 




0 

60 

600 

1300 

2300 

5,400 

8,600 

16,800 

21,000 

50,000 



0 

65 

400 

850 

1500 

3,600 

7,200 

10,400 

14,000 

30,000 

53,000 


0 

70 

260 

600 

1100 

2,600 

4,400 

7,000 

10,000 

21,000 

39,000 


0 

,75 

180 

400 

760 

1,800 

3,000 

5,000 

7,000 

14,000 

28,000 


0 

.80 


300 

540 

1,200 

2,200 

3,200 

5,000 

10,200 

19,000 

45,000 

0 

.85 


200 

[ 380 

860 

1,600 

2,300 

3,000 

7,800 

13,000 

30,000 


2-In. Pipef 


0. 

,70 

890 

1850 

3500 

7,400 

14,000 

22,300 

33,000 




0. 

80 

470 

975 

1800 

3,900 

7,400 

11,700 

17,000 

37,000 



0 

,90 

255 

560 

1000 

2,200 

4,200 

6,500 

9,500 

20,500 

38,000 


1 

.00 

160 

340 

610 

1,320 

2,520 

4,000 

5,800 

12,500 

23,000 

49,000 

1 

.10 


214 

375 

850 

1,600 

2,500 

3,700 

7,900 

14,000 

30,000 

1 

.20 



195 

460 

950 

1,360 

1,910 

4,200 

8,100 

16,800 

1 

.30 




275 

525 

980 

1,375 

3,100 

4,400 

1 8,850 


* From “Heating Ventilating Air Conditioning Guide 1948.” Used by permission, 
t The losses of head for the orifices in the IJ-in. and 2-in. pipe were calculated 
from those in the smaller pipes, the calculations being based on the assumption 
that, for any given velocity, the loss of head is a function of the ratio of the diam¬ 
eter of the pipe to that of the orifice. This had been found to be practically true 
in the tests to determine the losses of head in orifices in ij-in., 1-in., and l,i-in. pipe, 
conducted by the Texas Engineering Experiment Station and also in the tests to 
determine the losses of head in orifices in 4-in., 6-in., and 12-in. pipe, conducted 
^ the Engineering Experiment Station of the University of Illinois {Bulletin 109, 
Table 6, p. 38, Davis and Jordan). 
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carrying water with different velocities of flow. Two parallel circuits 
can easily be balanced if a suitable cock is included in each one near 
the point where they are joined. 

In gravity flow the available head and the quantity of water to be 
handled fix the pipe size. With forced circulation the friction losses 
per foot of pipe are selected between reasonable limits and the pipes 
sized on the basis of the amount of water which they must handle and 
the allowable friction losses per foot of pipe. As the latter calculations 
are somewhat simpler than those for gravity flow the pipe sizing for 
forced-circulation systems will be considered first. 

263. Piping Design for Forced-Circulation Hot-Water Systems. 
The methods of procedure given in this article were suggested by Mr. 
R. T. Kern and may be used for systems to which the simplified pro¬ 
cedure of Art. 257 is not applicable. 

As the velocity of flow is greater with forced circulation than with 
gravity flow, the head required to produce the flow must also be greater 
for a given size of pipe. There is a point where the velocity of flow and 
the required pressure head in a forced-circulation system results in the 
minimum cost of installation and operation. The economical pressure 
head to be created should be estimated for each particular system. 
Under ordinary conditions the economical friction pressure losses will 
amount to 140 to 400 milinches of water per ft of run, and the pressure 
head to be created per foot of run should fall between these limits. 
Friction losses less than 140 milinches per ft in forced-circulation 
systems require excessively large pipes. With commercial pipes it 
is not always possible to maintain the friction pressure losses above 
140 milinches per ft. Losses of more than 400 milinches per ft are 
excessive and should be used with caution. Where one section of the 
piping is short compared to others in the same system, it may be advis¬ 
able to use a pipe size such that the friction loss will be greater than 
400 milinches per ft to equalize the friction losses with those of longer 
conduits. 

The following example illustrates the procedure to be followed in 
designing forced-circulation hot-water heating systems. 

Example for a Two-Main Reversed-Return System. Assume a system having 
five radiators, one boiler, and a pump as indicated by Fig. 196. The lengths of 
straight pipe and the elbows of both the supply and return mains are shown by 
the plan, together with the heat outputs of the radiators and the weights of water 
to be handled by the various portions of the system. No allowances will be made 
for the loss of water temperature in the supply mains and pipes, and the decrease 
in the water temperature at all radiators will be taken as 20 F. Each radiator 
has 3 ft of pipe in the supply connection from the main and 4 ft of pipe in the outlet 
connection to the return main. All radiators have 3 elbows in the inlet connec- 
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tion, and radiators 1, 2, 3, and 4 also have in addition a connection through a 
tee to the supply main. Each radiator has at its outlet an angle valve, one 90-deg 
elbow, and all radiators with the exception of number I have a connection through 
a tee to the return main. Determine the pipe sizes, assuming that iron pipe will 
be used throughout. 

Solution. As a matter of convenience in tabulating the calculated values an 
arrangement such as Table 84 is a convenience. The headings of the table are 
self-explanatory. 

The vahies which appear in the table for section Ah in the supply main were 
derived as follows. The heat supplied was obtained by adding the heat delivered 


12,000 Btu per hr 
600 lb per hr 
y i Rad. 1 


I 

I 

V- 

R 


40' 


40' 


12,000 

600 

Valve 

Ck ! 


J 

Boiler 


I 

Id 

I < 

I 

I 




A|i|j^Pump 


Pi 


ij 


- 2 elbows 


N 

T- 


40' 


0 

-v- 


25' 


'1 .*1^ 


1 valve I _ ] 

1 elbow 5 > 4-*-2 elbows 


12,000 

600 


! 

12,000 

600 

Control radiator 


Fig. 196. 


Forced-circulation reversed-return hot-water heating system. Expan¬ 
sion-tank connections not shown. 


by each of the 6 radiators, and the water handled was obtained by dividing this 
sum by 20, since a temperature drop of 20 deg was assumed. The nominal pipe 
size was chosen with the aid of the chart of Fig. 193. A one-inch pipe was selected, 
as the friction loss with this size falls in the recommended range of 140 to 400 
rnilinches per foot. The velocity was obtained from the same chart at the same 
time. The length of straight pipe was obtained from Fig. 196. The elbow 
ecpiivalents of the fittings was computed as follows: 2 elbows between the pump and 
the boiler, -|-3 which is the elbow equivalent of the boiler -f-3 elbows between the 
boiler and point B. The elbow equivalents of the fittings in section AB is there¬ 
fore 2 + 3 + 3 = 8. The equivalent length of the fittings in this section was cal¬ 
culated with equation 113 as L = 25 X 1 X 8 12 = 16.7 ft. The total equivalent 

length of the straight pipe and the fittings = 30 -f- 16.7 = 46.7 ft. The friction 
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loss per foot (400 miliiiches) was obtained from Fig. 193, and the section friction 
loss « 46.7 X 400 = 18,700 milinches. Similar data for the other sections of the 
supply main were obtained in a similar manner. The resistances of the tees in 
the supply main were neglected in estimating the friction loss of the main. 

The data applying to the different sections in the return main were computed 
in exactly the same manner except that, in comj)uting the elbow equivalents of 
the fittings, the tees were included. The elbow equivalents of the fittings in sec¬ 
tion NO is the elbow equivalent of the tee at N Avhich was computed by the use 
of equation 112 as follows: 



The data relative to each of the 5 radiator circuits '' ere also computed in the 
same manner. The fittings considered in each radiator circuit were the tee in the 
supply main, the elbow equivalents for which were calculated by means of equation 
111; 3 elbows between the siipply main and the radiator; 3 elbow equivalents for 
the radiator; 2 elbow equivalents for the angle radiator valve, Table 82; and one 
elbow between the valve and the return main and the tee in the return main, the 
elbow equivalents for which were also calculated by means of equation 111. In 
using equation 111 for estimating the resistance of a tee in the return main as it 
affects the radiator circuit, Vh is taken as the velocity in the radiator branch circuit 
and Vm is the velocity in the main, downstream from the tee. 

The completion of the problem involves the calculation of the friction in each 
complete circuit through each of the 5 radiators and the selection of the orifices 
or pipe changes needed for balancing the circuit. The necessary data are tabulated 
in Table 85. 

TABLE 85 


Calculations for Balancing Radiator Circuits in the System of 
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1 
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30 
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2 

29,900 

5370 
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68,540 

0 

None 

3 

34,120 

3400 

28,950 
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1840 

Include 0.5-in. 
orifice 

4 
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^-in. pipe to f 
in. 

Change 5 ft. of 
^-in. pipe to f 

5 

49,710 

5050 

11,300 

66,390 
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The complete circuit which includes radiator 2 has the greatest friction loss, and 
it therefore becomes the control radiator, 'rhe difference between the friction 
loss through the complete circuits of radiators 1 and 2 is negligible. The radiator 
3 circuit friction loss should be increased by approximately 1840 milinches. It 
may be noted in Table 83 that the orifice most nearly meeting the requirement is 
one having an opening 0.50 in. in diameter. The friction loss in the radiator 4 
circuit should be increased by 840 milinches. It may be noted in Fig. 193 that 
the friction loss in a -j-in. pipe handling 600 lb per hr is 700 milinches per ft., 
which is 700 — 270 = 430 milinches per ft. more than that for ^-in. pipe which 
was assumed in making the estimate. Therefore changing 840 430 = 1.95 ft. 

of the piping in the circuit of radiator 4 from ^-in. to f-in. size will increase the 
resistance of the total circuit to approximately that of the total circuit through 
the control radiator. Similarly it may be found that 4.95 ft of the ^-in. pipe in the 
circuit of radiator 5 should be changed to | in. 

The same general procedure which was used in the preceding example 
can be used for sizing the pipes in a forced-circulation direct-return 
system (see Fig. 185c). In a hot-water system of this type the cir¬ 
cuits through the different radiators are of different lengths so that 
it is necessary to choose the radiator farthest from the boiler as the 
control radiator. Since this radiator is fed by the end of the supply 
main and since the return main originates at its outlet, the longest 
circuit of the system consists of the piping between the pump and the 
boiler, the boiler, the entire length of the supply main from the boiler 
to the control radiator, this radiator, and the entire length of the 
return main from the radiator to the pump. The friction losses in 
this circuit are first calculated; then the friction losses in the shorter 
circuits are brought up to this amount through the use of either ori¬ 
fices, restriction fittings, or piping of reduced size. 

264. Pipe Sizing for an Up-Feed Gravity-Flow System. The sizing 
of the pipes may be done by the method of the following example. 

Example. Use the simple gravity up-feed system of Fig. 197 whieh has a single 
radiator. The heat given off by the radiator is 15,000 Btu per hr with the water 
in the supply riser at 190 F and in the return riser at 170 F when the room-air 
temperature is 70 F. The supply riser connection has 10 ft of pipe, 5 elbows, and 
an angle radiator valve. The return riser includes 8 elbows and 15 ft of pipe. 

Solution. The radiator must handle 15,000 20 = 750 lb of water per hour 

and the available head = 7 X 87.5 (Fig. 190) = 612.5 milinches. The length of 
pipe in the circuit exclusive of the equivalent length of the elbow equivalents is 
10 + 15 = 25 ft. The elbow equivalents of the fittings in the circuit are as follows; 
Each elbow 1.0, Table 82, boiler and radiator each 3.0, and angle valve 2.0. The 
total elbow equivalents of the fittings is computed as follows, starting with the 
boiler, 3-|-5-|-2-|-34-8 = 21. The equivalent length of the elbow equivalents 
cannot be calculated until a pipe size has been temporarily assumed. Because of 
the friction loss in the fittings, that in the straight pipe must be considerably 
less than 612.5 -5- 25 ** 24.5 milinches per ft. Reference to Fig. 193 reveals that 
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10 ft of pipe in 
supply line 


15 ft of pipe In 
return line 


the friction in a one-inch pipe transporting 750 lb of water per hr is 26 milinches 
per ft, which is too high; therefore 1-^-in. pipe for which the loss is 7 milinches per 

ft will be selected as the trial size. _ 

The equivalent length of the elbow 

equivalents is then L = (25 X 1.25 ." p- T yO^F 

X 21) -r- 12 ~ 54.6 ft, equation 113. I* '_ \ 

The total equivalent length of the j ^ ^ • j 

circuit is 25 + 54.6 = 79.6 ft, and the i 

friction loss of the circuit is found to * \ 1 

be 79.6 X 7 = 557 milinches. The j j J 

excess of available head is 612.5 — i ! S » 

lb it OT pipe In 1.2 o 

557 = 55.5 milinches. For a sysf em return line c pj, 

with a single radiator the plant W' jld | g- 

adjust itself to give off very nearly tlie ! S 

correct amount of heat. If, however, ^ - 

it is necessary to balance the friction j j elbows 

losses against the available head it can I 

be done with either an orifice in the Heater '• 

supply riser or by reducing in size a j 

portion of the supply riser and the --1- 

included fittings. The frictional re- } 

sistance of the system would be in- —Two elbows 

creased 26 — 7 = 19 milinches for _ 

each foot of riser changed from Ix-in. ,, cj* i r j •j. n 

® ^ hiG. 197. tSiniph^ up-feed gravity-flow 

pipe to the 1-m. size. To exactly . . * u !• Z 

I \ 1 ,, u 1 -xi. r • hot-watcr heating system, 

balance the available head with fric¬ 
tion loss, 55.5 19 ~ 2.9 equivalent ft of pipe should be reduced in size. 
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Fig. 197. Siniph^ up-feed gravity-flow 
hot-water heating system. 


256. Circulator Selection. Fig. 198 shows a sectional view of a 
small single-stage centrifugal pump suitable for service as a circulator 



(Trane Co,) 


Fig. 198. Water circulator. 

in a hot-water heating system. Fig. 199 shows performance curves 
for one-manufacturer^s line of circulators. Preliminary steps in the 
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selection of the proper size are the calculation of the amount of water 
which must be circulated (see Art. 247) and the estimation of the fric¬ 
tion head against which the unit must operate (see Art. 250). In 
general the sizing of pipes throughout the system should be such that 
the total head required to overcome friction is between 8 and 11 ft of 
water, except for small single-main systems for residences, which are 
discussed in Art. 257. When the required volume in gallons per 
minute and the total head in feet of water are known, the unit in a 
particular manufacturer's line of circulators, which is best suited to 
the system, may be selected by referring to performance curves such 
as those appearing in Fig. 199. The circulator selected should be the 



10 20 30 40 50 60 70 80 90 100 110 120 

Gpm 

Fig. 199. Performance curves of Trane water circulators with various operating 

heads. 

one whose curve is nearest the intersection of a vertical line represent¬ 
ing the required gallons per minute and a horizontal line representing 
the total friction head of the system. If the choice is in doubt due 
to the point of intersection falling between the curves for two different 
pumps, the larger of the two pumps should be chosen. 

266. Power for Pumping. It is necessary to estimate power required 
to circulate the water through a hot-water heating system in order 
that the proper size of the driving motor may be specified when it is 
not furnished by the pump manufacturer. The power requirement 
in terms of horsepower is given by the following equation: 


hp 


PQ 

33000 X e 


(114) 


where P = pressure head, lb per sq ft. 

Q = volume of water pumped, cfm. 
e = efficiency of pump expressed decimally. 
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The efficiency of the pump will ordinarily be between 60 and 70 per 
cent. 

267. Design of Small One-Pipe Forced-Circulation Systems. The 

simple method which follows is that outlined in the I — B = R Installa¬ 
tion Guide^ioY residences and small buildings which have heat losses less 
than 60,000 Btu per hr. Figure 200 indicates the arrangement of the 
pipe and fittings connecting a radiator to n main as shown by the Guide, 
which specifics standard pipe and screwed fittings in all parts of the 


Valve 

Radiator ot 
convecto? 

^ .n . 

Radiator location 

Distance 
X. Ft 


Ip 

Same level as boiler 
with down-feed risers 

2.5 

First floor above boiler 
with upfeed risers 

imi 



a 




{From — R Installation Guide No. 1.” Used by permission.) 

Kig. 200. Piping connections between a radiator and a main circuit of a one-pipe 
forced-circulation hot-water heating system. 

system. Each radiator connected to a standard f^-in. main circuit 
has about 20 per cent of the water flowing in the f-in. pipe diverted 



{Trane Co.) 

Fig. 201. Induced-flow fitting for single-main forced-circulation hot-water heating 

system. 

2 One-Pipe Forced-Circulation Hot-Water Heating Systems for Buildings 
Having Heat Losses Not Exceeding 60,000 Btu per Hour,” I—B=R Installation 
Guide Number /, Second edition,The Institute of Boiler and Radiator Manufac¬ 
turers, 60 East 42nd St., New York 17, N. Y., 1947. 















358 


HEATING WITH HOT WATER 


through it. The radiator connection is made, as in Fig. 200, by the 
use of two f by ^ by ^ in. tees with a length X of ^-in. pipe located 

in the main between them. The table of 
values of X in Fig. 200 indicates the lengths 
of ^-in. pipe required with various locations 
of the radiator with respect to the main 
circuit. Special fittings, as shown by Figs. 
201 and 202, may provide for proper water 
circulation through a radiator without em¬ 
ployment of the piping details of Fig. 200. 
The flow fitting shown in Fig. 201 is de¬ 
signed for placement in the water main at 
the point where the water passing through a 
radiator is returned to it. When this type 
of flow fitting is used at the point of return to the main, a standard tee is 
used at the point where a portion of the water flowing is to be diverted 
through a radiator or convector. Fig. 202 shows another type of flow 
fitting designed for placement in the main at the entering end of the 
radiator branch circuit. When a flow fitting of this nature is placed at 
the entering end of the radiator circuit, a standard tee is used at the 
point where the water flowing through the radiator is returned to the 
main. For a radiator that is below the level of the main, it may be 


I Water to radiator 



Fig. 202. Water distrib¬ 
utor, one-pipe forced-circu¬ 
lation hot-water heating 
system. 



Fig. 203. Layout of basement piping for a one-pipe forced-circulation hot-water 
heating system in the I*sB»»R Research Home, Urbana, Illinois. 
















DESIGN OF SMALL ONE-PIPE FORCED-CIRCULATION SYSTEMS 359 


advisable to replace both tees with the proper types of flow fittings 
because in this case an adverse gravity head is developed in the risers. 
The system of Fig. 203 was designed for the use of flow fittings. Its 
design by use of the Guide would have resulted in radiator connections 
as shown by Fig. 200, 1-in. flow- and return-main connections to the 
boiler, and the two principal main divisions of f-in. pipe. A single- 
main circuit of f'in. pipe can be used in systems of the type under dis¬ 
cussion when the number of radiators served does not exceed seven 
and the hourly heat losses are not more than 40,000 Btu. 

The guide design procedure, for applicable installations, consists of 
five simple parts which are: 

1. An estimation by a reliable method, as given in Chap. 4, of the 
structure heat losses in Btu per hour. As a matter of convenience 
the guide includes tables of heat-loss factors for use in these calculations. 

2. A determination of the square feet of edr required in each room 
for the given operating conditions. For simplicity the average tem¬ 
perature of the water in the radiators is assumed to be 10 F less than 
that of the water leaving the boiler, Heat-emission factors, applica¬ 
ble to various hot-water radiator operating conditions, are obtain¬ 
able by the methods given in Art. 157. The required edr is equal to 
the heat losses of a room divided by a correct radiation factor. 

3. The assumption is made that the total hourly heat losses of the 
structure are equal to the sum of the heat losses estimated for the 
individual rooms. The reipiired number of water circuits is based on 
the total heat losses. 

4. The boiler selection is made on the basis of a net I = B = R rating 
(sec Art. 177), which indicates a capacity in Btu per hour either equal 
to or greater than the heat requirements of the building. Recom¬ 
mendations are that no extra allowance be made for the heating of a 
domestic water supply unless a residence has more than two bath¬ 
rooms or the demand exceeds 75 gal per 24 hr. 

5. The pump size is estimated by allowing one gallon per minute 
of water for each 10,000 Btu per hr of total heat losses. The operating 
head of the pump is arbitrarily taken as 5 ft of water, as practically 
all installations to which this method is applicable have been found to 
have a total resistance to flow less than the assumed amount. The 
guide includes a method of calculating the total head to be overcome 
in a system of this sort, and such a procedure should be used when 
more than 7 radiators are attached to a main circuit. The guide also 
includes a more exact method of radiator selection where considera¬ 
tion is given to the decrease of the water temperature as it flows in 
the circuits and the water-temperature variations in the radiators. 
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Typical boiler-piping connections are shown for 4 different domestic 
water-heating arrangements by Fig. 204. A flow-control valve is 
always required except where the boiler is not to be used for domestic 
water heating, and even then its use might be desirable from the stand¬ 
point of temperature regulation in the buildings. The function of this 
special valve (Fig. 205) is to prevent flow of water through the system 
due to gravity action. The small gravity head is insufficient to cause 
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Fig. 204. 


(cO With Indirect tankless 
installation 

(From = R Installation Guide No. 1." Used hy permission.) 

Typical boiler-piping connections in single-main forced circulation hot- 
water heating systems. 


the valve to open, but it does not offer a serious resistance to flow 
when the circulating pump is in operation. 

268. Hot-Water Heating by Use of Electrical Energy. Space heat¬ 
ing by drawing on a supply of electrical energy at any time is likely to 
prove very expensive unless light loads are involved and the cost of 
the power supply is relatively low. Therefore such use of electrical 
energy may be justified only for special services during short periods 
of time. Present-day electrical heating equipment includes elec- 
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For hand_ 
operation 


trically operated portable steam radiators, unit heaters, and direct 
radiant heaters using either luminous or non-luminous resistance coils. 
These units produce heat when it is required and do not involve the 
storage of heat energy within any medium. 

The load on the average electrical central-station power plant 
fluctuates during 24-hr periods, depending upon the class of service 
rendered, and usually involves peak demancis at various intervals 
during the period. Attempts 
at space heating have been 
made by using power fron. a 
central station during hours ' f 
off-peak load. The most com¬ 
mon scheme is to heat water by 
means of some form of immer¬ 
sion electrical heater units in¬ 
serted into large storage tanks 
located within the building to 
be served. Heated water- 
drawn from these tanks may be 
mechanically circulated through 
the piping of a hot-water heat¬ 
ing system. The objective of 
the water-filled tanks, in whicli 
the heat is stored, is to make 
use of electrical energy which is 
available only during certain 
periods of each day and which 
may be had at a lower cost than power which may be drawn from a 
central station during the hours of peak demand upon the plant. The 
problems of control in such a system involve those of temperature 
regulation and safety precautions. 



Fkj. 205. 


(Bell and Gossett Co.) 
Flow-(!ontrol valve. 


PROBLEMS 

1. An open-tank gravity-flow hot-water heating system has 400 sections of 
small-tube direct cast-iron radiation, which are four tubes wide and 25 in. high. 
Compute the dimensions, in inches, of a required cylindrical expansion tank. 

2. Calculate the dimensions, in inches, of a cylindrical expansion tank for an 
open-type hot-water heating system which has 5000 lin ft of 1-J^in. steel pipe 
employed as direct radiation. 

3. A closed-tank hotTwater heating system has 120 sections of 5A wall radia¬ 
tion. The tank is subjected to a head of 20 ft of water which is maintained at an 
average temperature of 180 F in the various pipes. The system was originally 
filled with water at 55 F, and the barometric pressure is 28.8 in. of mercury. 
Find the required capacity of the tank in gallons. 
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4. What effect would the maintenance of 5 psig water pressure at the top of 
the highest radiator have on the size of the expansion tank of problem 3 if all 
other conditions are unchanged? 

6. A hot-water heating system has 7000 sq ft of small-tube equivalent direct 
cast-iron radiation operating under the following average temi)eratures: water 
inlet, 200 F; water outlet, 170 F; and room air, 65 F. A U. S. gallon contains 8 
pints and 231 cu in. How many times is the water circulated per hour? 

6. A finned-tube radiator is of 2-in. pipe size and has 100 ft of linear length. 
The unit is operated to emit 10,000 Btu per hr when the water enters it at 180 F 
and leaves at 160 F. Compute the average velocity of water flow, in feet per 
second, if the pipe is continuously joined together by return bends without the 
use of manifolds. 

7. A gravity-flow up-feed hot-water heating system has first-floor radiators 
located 8 ft above the mean height of the water heater. The 8(H?ond-floor radiators 
are 10 ft above those of the first story. The supply is delivered to the radiators 
at an average temperature of 190 F and leaves them with an average temperature 
of 170 F. (calculate the motive head in milinches for both first- and second-floor 
radiators. (>heck by use of Fig. 190. What theoretical velocity of water flow 
exists in each case? 

8 . A gravity-flow hot-water radiator receives water at 200 F and discharges 
it at 180 F. An actual velocity of flow of 0.5 fps is desired in the supply riser. 
The actual velocity of flow may be taken as 0.4 of the theoretical. How many 
feet above the mean height of the water heater must the radiator be placed? 

9. A 2-J--in. steel pipe rises three feet above a boiler outlet, has 62 ft of additional 
length, and six 90-deg short-radius elbows before it again enters the return tapping 
of the heater. Calculate the total friction losses in the circuit when 24,000 lb of 
water are handled each hour. 

10. A radiator is listed as having 120 sq ft of edr and gives off 160 Btu per hr 
per sq ft when water enters the unit at 185 F and leaves it at 165 F. The friction 
losses in the radiator circuit beginning at the take-off from the supply main and 
ending at the point of connection to the return main are not to exceed 250 milinches. 
The supply connection has 5 ft of pipe, one angle radiator valve, 3 short-radius 
90-deg elbows, and the radiator. The return is (comprised of 5 ft of pipe, four 
90-dcg elbows, and the connection to the return main. Find the required sizes 
of and lengths of pipe in the supply and return connections so that the friction 
losses in the circuit will not exceed the specifications, when resistances in tees of the 
supply and return mains are not included. 

11 . What horsepower would be required for the pump in a heating system deliv¬ 
ering 400,000 Btu per hr with a temperature drop of 20 F if the total friction loss 
in the system is 9 ft of water? The pump is to be placed in the return main where 
the temperature of the water under design conditions is 180 F. Assume an effi¬ 
ciency of 65 per cent. From Fig. 199 select the pump that is best adapted to this 
installation. 

12. Find the pipe sizes for the gravity-flow system of Fig. 197 if the allowable 
drop of water temperature in the radiator is from 180 to 160 F when the radiator 
emits 10,000 Btu per hr. The lengths of the pipes together with the pipe fittings 
are as in the example of Art. 254. 
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269. Definition of Panel Heating. The hen-ting of rooms intended 
for human occupancy ])y means of Inrge warmed panels is referred to 
as panel heating or radiant hoaLing "’'he term panel heating is the 
one preferred by the authors because the othci one implies that all 
the heat output of such a system is in the form of radiant heat which 
is not the case. A heating system may be classified as a panel type 
when the heating medium, which may be either electricity, water, or 
air, is circulated through either wires, pipes, or ducts incorporated in 
large panels forming sections of the floor, ceiling, or walls. Heat is 
transferred by radiation from each warmed panel to all objects within 
the room and to all room surfaces except the one in which it is located. 
The air in the room is warmed by convection currents passing over 
the surface of the panel or over the surfaces of objects receiving 
radiant heat from the panel. 

260. Fundamentals of Panel Heating. It has been pointed out in 
Chap. 3 that the human body loses heat to its environment by con¬ 
vection, radiation, and evaporation. In the effective temperature 
range which produces bodily comfort the loss of heat by evaporation 
is comparatively small and nearly constant over a considerable range 
of dry-bulb temperatures and relative humidities. Therefore under 
comfort conditions the heat loss from the body is chiefly related to the 
combined effect of convection and radiation. The rate of heat loss 
by convection depends upon the average temperature difference 
between the surfa(;es of the exposed skin and outer clothing and the 
surrounding air, the area of such surfaces, and the velocity of the air 
movement over them. The rate of heat loss by radiation depends 
upon the area of the exposed skin or clothing surfaces and upon the 
difference between the average temperature of the surfaces and the 
mean radiant temperature of the surrounding walls, floors, ceilings, 
or objects. The mean radiant temperature may be defined as a uni¬ 
form temperature of all the surrounding surfaces which would result 
in the same loss (or gain) of heat by radiation as that to (or from) the 
same objects and surfaces at their actual surface temperatures. The 
same feeling of comfort can therefore be produced with a compara- 
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lively high mean radiant temperature and a comparatively low air 
temperature, or vice versa. However, in the operation of a panel 
heating system, it is not possible to control the mean radiant tempera¬ 
ture and the air temperature independently. 

Under comfortable still-air conditions during the heating season 
the mean of the skin and outer clothing temperatures of persons 
normally clothed is approximately 81 F. Since there are considerable 
portions of the body such as the insides of the arms and legs which 
radiate their heat to other body surfaces, the effective surface exposed 
to loss by radiation is less than the effective surface exposed to loss 
by convection. The average adult person has an effective surface 
exposed to radiation amounting to 15.5 sq ft and a total surface exposed 
to the loss of heat by convection amounting to 19.5 sq ft. As has been 
pointed out in Chap. 3, the normal rate of heat production in an 
average-sized sedentary individual is about 400 l^tu per hr of which 
approximately 100 Btu per hr arc rejected in the form of vaporization 
of insensible perspiration on external skin areas and evaporation into 
the air that is taken into the body through the process of respiration. 
The remainder, or approximately 300 Btu per hr, must be absorbed by 
the combination of loss by radiation and loss by convection. In an 
environment at 70 F the loss by convection from the clothed body 
amounts to approximately 140 Btu per hr, and the remaining 160 Btu 
per hr must be dissipated by radiation to all surfaces to which the 
body is exposed. If the mean radiant temperature of the surrounding 
envelope were raised to 81 F, which is the average surface temperature 
of a fully clothed man, the loss of heat by radiation would be reduced 
to zero, and the air temperature would have to be reduced to the point 
where loss of heat by convection alone would amount to 300 Btu 
per hr. The still-air temperature that would be recpiired to produce 
comfort for the individual under these conditions is approximately 
60 F. 

In the actual application of panel heating, a certain portion of the 
envelope surrounding a room, such as either the floor or the ceiling, 
is heated to whatever temperature is required to maintain the desired 
effect. The temperature of the remainder of the envelope and the 
temperature of the air in the room will vary with changing weather 
conditions. Early designers thought it possible to raise the mean 
radiant temperature of the envelope of a room, by means of heated 
panels, to a value considerably above that which would prevail when 
other means of heating are used, thereby producing comfort conditions 
for people with a considerably decreased room-air temperature. How¬ 
ever, experience has shown that convection currents over the surfaces 
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of the heated panels result in the heating of the air in the room to the 
point where it approaches the temperature maintained by other sys¬ 
tems of heating. Consequently the relationships of convection and 
radiation in a room healed by large warmed panels are not greatly 
different from those found in rooms heated by either warm air or 
warm water in conventional heating plants. 

Studies of the conditions affecting comfort have indicated that the 
average lightly clothed adult at rest is (jomiortable in an air tempera¬ 
ture of 70 F when the mean radiant tempera! ure of the surrounding 
envelope is at the same leiuperature. It has also been as(;ertained 
that for every degree Fahronhe?! th.it Mie mean radiant temperature 
of the envelope is increased, the air tempera! .re may be decreased 
one degree Fahrenheit. A simple expression called the comfort eejua- 
tion is 

ta = 140 - MRT (115) 

where ta = air temperature required for comfort, deg F. 

MRT = mean radiant temperature of the surrounding envelope, 
deg F. 

Design of radiant panels on a rational basis involves the simul¬ 
taneous solution of several heat-balance ecpiations and requires a con¬ 
siderable amount of laborious computation. The problem is greatly 
simplified by regarding the heated panel as the source of heat input 
to the room, in which case it is usually assumed that the inside-air 
temperature will be maintained at 70 F. When panels are designed 
from this simplified approach, the procedure is quite similar to that 
followed in designing systems using conventional radiators. Assuming 
an inside air temperature of 70 F results in the assumption of a tem¬ 
perature of the heating medi\im which is somewhat greater than neces¬ 
sary, because the slight increase in the mean radiant temperature of 
the ^oom due to the heated panel will permit comfort conditions to be 
maintained with an air temperature that is slightly lower than 70 F. 
However, this slight error in the design procedure causes no difficulty 
from an operating standpoint, provided that the temperature of the 
heating medium that is circulated through the panel can be properly 
controlled. 

261. Advantages of Panel Heating. Heating panels which are 
incorporated in the floor, ceiling, or walls of a heated room appear to 
have the following advantages over the ordinary steam, hot-water, 
and warm-air heating systems. 

1. The heat disseminating elements are completely out of sight 
and do not interfere with any decorative plan. 
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2. The heating panels do not interfere in any way with any desired 
placement of rugs and furniture. 

3. Since the panels are incorporated in the structural frame of a 
building, the heating plant may be started as soon as this portion of 
the construction has been completed, thus facilitating the completion 
of interior work when construction is carried on during cold weather. 

4. When the heated panels are either in the floor or in the ceiling 
this type of heating system does not require consideration in the placing 
of interior partitions and does not interfere with later moving of siudi 
partitions. This advantage is of greatest value in office buildings where 
it may be desirable to rearrange interior partitions from time to time. 

5. Heating panels in any of the three possible locations produce 
warmer floors than any of the commonly used types of heating systems. 

6. Heating panels are so arranged that it is impossible for ignorant 
or mischievous persons to throw the system out of adjustment by 
tampering with valves or dampers. 

7. Air currents within a room heated by panels are of lower velocity 
than in rooms heated by conventional means with the result that dust 
particles to which disease-producing organisms may be attached can 
settle more readily. 

8. Heating panels may also be used for radiant cooling where warm- 
weather relative humidities are consistently low. 

9. Large heating panels operated at comparatively low tempera¬ 
tures do not include any dust-collecting surfaces and do not cause 
streaking of interior decorations, thus reducing both the cost of clean¬ 
ing and the rec^uired frequency of redecoration. 

10. It is believed by some, who have studied the physiological and 
psychological effects of panel heating, that the air in a room heated 
by this system possesses an intangible superior quality when com¬ 
pared with air in a room heated by other means, because it has not 
been bakedby passing over hot metal surfaces. 

262. Disadvantages of Panel Heating. Before deciding to install 
a panel-heating system, instead of one of the available older types, a 
prospective customer should weight its disadvantages which follow 
against the advantages which have been set forth in the preceding 
article. 

1. Because of the heat storage in the large panels, which are used 
as heat disseminators, the problem of maintaining uniform room com¬ 
fort conditions through rapid changes in the outdoor air temperature 
is usually more difficult than with other heating systems. Consid¬ 
erable trouble in this respect has been experienced in buildings where 
heavy floor panels have been combined with building construction 
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which incorporates a large portion of glass area in the walls. The 
problem of controlling heating plants using large panels will be dis¬ 
cussed more fully in Art. 268. 

2. A temperature-control problem is inherent in panel-heating sys¬ 
tems because the mean radiant temperature in a room heated by this 
means usually increases as the outdoor-air temperature decreases, thus 
requiring a reduction in the room-air temoerati.rc for the maintenance 
of comfort conditions. A similar control problem exists in buildings 
heated with conventional systems, particularly in buildings having 
large glass areas and in buildings in which the coefficient of heat trans¬ 
mission for the walls is high, an ^. 1 CT .^aso in the room-air tempera¬ 
ture is reejuired to maintain comfort conditions ii. extreme cold weather. 
Although a control problem due to variation in the required air tem¬ 
perature exists with all types of systems, the problem of maintaining 
comfort conditions during a variation in outdoor temperature may be 
considerably more difficult to solve in some panel-heated buildings 
than in any building heated by conventional systems. 

3. Heating panels are usually constructed on the job by the build¬ 
ing or heating contractors and arc not as readily adaptable to standard¬ 
ization as are the heat-dispensing units used in the conventional types 
of heating plants. 

4. Panel-heating systems do not offer the possibility of supplying 
outside air for ventilation to the heated rooms through the system 
as do certain types of conventional systems. This is not likely to be 
a serious disadvantage when this type of system is being considered 
for residence heating except when groups of people are entertained in 
the home. However, in i3ublic buildings, it may be necessary to 
provide a separate system for ventilation when heating is to be pro¬ 
vided by warmed panels. 

5. Heating panels are incorporated as an integral part of the building 
structure, and the repair of a leak which may develop after the system 
is placed in service can be very expensive. 

263. Floor vs. Wall vs. Ceiling Panels. Heating panels which are 
incorporated in the building structure are limited to a low rate of 
energy dissipation, and it may be necessary to place them in more 
than one room surface because a floor, for instance, may not provide 
the required capacity. However, in general, sufficient surface may be 
installed in either the floor, the ceiling, or the walls. There is little 
advantage in one location over either of the other two from the stand¬ 
point of temperature gradient from the floor to the ceiling (see Fig. 
206). From a comparison of Fig. 206 with Fig. 207 it may be noted 
that a radiant panel in any of the three possible room surfaces produces 
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more uniform temperatures throughout the height of a room than the 
usual steam and hot-water radiators. As indicated by Table 86 the 
room surface chosen for the location of the panel has an important 



Fig. 206. Comparison of results with Fig. 207. Air temperatures at various 
radiant heating from ceiling, wall, and heights above the floor for heating with 
floor. steam and hot-water radiators and con¬ 

vection syst(‘ms. 

bearing on the operative heat-dissipating capacity of the unit in Btu 
per hour per square foot of exposed surface. Therefore the greater 
capacity of panels in ceiling and wall locations may cause one of these 

TABLE 86 

Approximate Heat Output of Radiant Panels under Design 
Conditions 

Room-air temperature assumed at 70 F; mean radiant temperature of other five 
room surfaces assumed at 65 F 





Maximum 

Maximum 




Maximum 

Maximum 

Heat Out¬ 

Heat Out¬ 

Per ('Ont 


Ijoca- 

Allowable 

Total Heat 

put by 

put by 

of Heat 

Per Cent 

tion 

Surface 

Output, 

Radiation, 

Convection, 

Output by 

of Heat 

of 

Tempera¬ 

Btu per Sq 

Btu pep Sq 

Btu per Sq 

Radia¬ 

Output by 

Panel 

ture, Deg F 

Ft per Hr 

Ft per Hr 

Ft per Hr 

tion 

Convection 

Floor 

90 

43 

24* 

19 

55* 

45* 

Wall 

110 

65 

42* 

23 

65* 

35* 

Ceiling 

120 

83 

58* 

25 

70* 

30* 

* Data taken with permission from Hot Water Heating and Radiant 

Heating and 


Radiant Cooling^ by F. E. Giesecke. 

locations to be used in buildings having large heat losses under design 
conditions. If a floor location is strongly favored for other reasons, 
a panel in this location may be used by supplementing it with one or 
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more smaller panels installed either in a wall or in the ceiling. How¬ 
ever, from an economic standpoint, it is desirable to choose a location 
which will permit a panel of sufficient capacity to be installed in a 
single room surface. 

Floor panels are more easily installed, particularly in basementless 
buildings where the network of pipes for circulating the heating 
medium is supported the proper distance chove a fill of suitable mate¬ 
rial after which a concrete floor slab may be poured around the pipes. 
The cost of a heating panel in this location is )ess than those placed in 
either of the other two ro<;ih surfaces. A majority of the heating 
panels which have been iiista,lLid f j cate in the United States are 
incorporated in a concrete door slab. 

264. Steel Pipes vs. Copper Tubing. Heated water is the medium 
most generally used in panel systems now in use, and the conduits 
conducting it through the panels may be made from wrought-iron 
pipes, steel pipes, or copper tubing. Wrought iron is a special grade 
of steel so that the physical properties of the two first mentioned 
materials are almost identical. 

Table 87 gives a comparison of the merits of either wrought iron 
or steel with those of copper, obtained from an impartial survey of 
claims made by each of the two interested industries. 


TABLE 87 

Comparison of the Advantages of Wrought-Iron or Steel Pipe and Copper 
Tubing When Used as (Conductors of Hot Water in Panel Heating 
Advantages of Wrought-iron or Steel 
Pipe 


1. Lower cost for piping 

2. Has practi(^ally the same coefficient 
of expansion as concrete 

3. Pipe walls are strong enough to re¬ 
sist damage in handling, in fabricat¬ 
ing, and while waiting for slab to be 
poured 

4. Welded and screwed joints in 
wrought-iron pipe are stronger than 
soldered joints used for connecting 
lengths of copper tubing 

5. Larger pipe diameters can be used in 
floor panels for the same expenditure, 
thus reducing pumping costs due to 
lower friction losses 


Advantages of Copper Tubing 

1. Tubes are easier to bend on the job 

2. Copper is completely resistant to 
corrosion by any chemical compound 
that is likely to be found in the cir¬ 
culating water 

3. Tubing walls and joints are smoother, 
thus reducing friction losses from 
those existent in the same diameter 
of wrought-iron pipe handling the 
same volume of water 

4. Soldered joints in copper tubing arc 
easier to make than threaded or 
welded joints in wrought-iron pipe 

5. Practicable to use smaller diameter 
tubing in ceiling panels, thus reduc¬ 
ing the thickness of plaster required 
and consequently the thermal stor¬ 
age of the panel 
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Greater thermal conductivity is sometimes claimed as an advantage 
in favor of the use of copper, and greater emissivity of the bare pipe 
is likewise claimed as an advantage in favor of wrought-iron or steel, 
but, since the tubes or pipes are usually embedded in concrete or 
plaster, the emissivity of the bare pipe is not worthy of consideration, 
and the resistance of the pipe wall is a neglible factor in the transfer 
of heat from the water to the air of the room regardless of which of the 
two metals are used. Proponents of the use of copper point out that 
the material is perfectly capable of withstanding the compressive 
forces set up in a tube because its coefficient of expansion is greater 
than that of concrete. They also point out that the bond between the 
copper tubing is strong enough to withstand the strain on it and that 
the stress in the tube and the tendency of the force created to break 
the bond is not accumulative and therefore is not greater in long 
embedded tubes than in short ones. Likewise, the proponents of 
wrought-iron or steel pipe explain that the chances that conduits 
made of this material and used in a radiant panel will fail because of 
corrosion are very remote. 


Fig. 208. Continuous coil. Fig. 209. Grid-type coil. 

266. Coil Design. Pipe elements for heating panels are usually 
made in one of two basic patterns, namely, continuous coil as shown 
in Fig. 208 or grid as shown in Fig. 209. The continuous coil is usually 
less expensive to fabricate especially when copper tubing is used to 
form the conduit for conducting the water through the panel. How¬ 
ever, the grid pattern has one impor¬ 
tant advantage in that the velocity of 
the water in any section of the unit 
is less, and consequently the friction 
losses are less when the water flows 
Fio. 210. Combination grid and through adjacent pipes in parallel in- 
continuous coil. stead of in series as is the case when 

the pipe is laid in a continuous coil. 

Figure 210 shows a pattern which may be used to combine several 
continuous coils of moderate length in a semi-grid pattern. This 
layout produces a network of pipes which is less expensive to fabricate 
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than a grid pattern and one in which the frictional resistance to flow 
of the required amount of water is considerably less than that in a 
continuous coil providing the same total length of pipe. 

Figure 211 shows the complete layout of piping for a one-story 
basementless house which is to be heated by radiant floor panels. 
Note that both continuous coils and grids are used in this layout. 



Figure 212 illustrates the use of copper tubing in a ceiling panel. 
The coil shown is of the continuous type and is being attached to the 
under side of the metal lath. The cost of plastering is reduced when 



{Chase Brass and Copper Co.) 


Fig. 212. Ceiling panel of copper tubing attached to expanded-inetal plaster base. 

the tubing is placed on the other side of the lath. However, care 
must be taken to force the plaster through the lath to make a good 
contact with the tubing when in this position. 
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266. Pipe Coils under Wood Floors. In the majority of heating 
panels which have been installed to date, the pipes or tubes have been 
embedded in either concrete or plaster, the heat being transferred by 
conduction from the pipe surface to the slab surface from which it is 
dissipated by a combination of radiation and convection. However, 
successful performances have been claimed for systems in which the 
pipes or coils were placed underneath wood floors, between joists in 
wood floor construction, or between the sleepers in wood floors placed 
on top of a concrete slab. When this type of panel construction is 
used, the wood floor becomes the radiant panel, heat being transferred 
from the pipes to it by radiation and convection through the air space 
between the joists or sleepers. 

Experiences with several installations of this type indicate that wood 
flooring will not be damaged by the heat from the hot pipes, provided 
that the wood of which the floors are made has been thoroughly dried. 
It has been found that the heat transferred from the water to the air 
of the room is approximately 1.75 Btu per hr per sq ft of pipe surface 
per deg temperature difference and that the length of pipe required is 
approximately double that required when pipes arc embedded in a 
concrete slab. 

267. Air Vents and Expansion Tanks for Heating Panels. Air vents 
should be provided at all high points in a panel-heating system, if the 
circulation is to be by gravity flow. However, when a pump is used, 
the flowing water can be depended upon to carry the air to other 
points which may be more convenient for the locations of vents. 
Either automatic vents or manually operated compression cocks can 
be used, but all vents regardless of type should be installed in such a 
way that they are readily accessible. Coils, pipes, and mains should 
be arranged to reduce to a minimum the number of points requiring 
air vents. 

The procedure to be used in sizing the expansion tank for a water- 
lieated panel plant is the same as for any other hot-water system except 
that it is necessary to actually calculate the volume of the water 
involved. Lengths of different sizes of standard pipe containing one 
cubic foot of water are given in Table 68, Chap. 9. The volume of 
the boiler may be obtained from the manufacturer. Since the maxi¬ 
mum water temperature occurring in panel systems is lower than that 
customarily used under design conditions in hot-water systems using 
radiators and convectors, some additional capacity will be provided 
in the expansion tank if the same allowance for expansion is made in 
its design. Expansion tanks in panel systems may be either the open 
or the closed type if properly placed as to elevation. The expansion 
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tank should be connected to the return main on the suction side of the 
circulator and as close to it as practicable. 

268. Control of Panel Heating. Probably the most difficult prob¬ 
lem in connection with the design and installation of heating panels 
is the selection of the proper system for regulating their heat output. 
Improper selection of controls is the real reason for failure in the major¬ 
ity of cases where the systems ha ve not beer able to produce the degree 
of comfort which had been expected. Insufficient pipe surface in a 
panel can, to a considerable extent, be compensated by raising the 
temperature of the circulating water above that on which the design 
was based, but phenomena sucii as ''(iai^hing^^ and hunting^’ due to 
an improper control arc in some instances most difficult to handle. 
Heating panels in which pipes are embedded in concrete or plaster are 
certain to possess considerable thermal inertia and also considerable 
resistance to the flow of heat from the water to the surface of the 
panel. Building structures vary greatly in regard to thermal inertia 
because some have walls made of either one or more thin sheets of 
metal or wood products while others have walls including several 
inches of solid masonry. Building stmetures also vary greatly in 
regard to thermal resistance as some walls may contain several inches 
of insulation while others have none. Buildings having a large pro¬ 
portion of their wall areas taken up by windows or doors have very 
little thermal resistance. 

Large thermal capacity and thermal resistance in heating panels 
cause slow responses to temperature controls, whereas large capacity 
and resistance in the structure produce delays in the reflection of 
external load changes within the building. Usually, l)ut not always, 
such structural lag is advantageous from a control standpoint as it 
permits the use of a control element that is actuated by changes in 
the outdoor air temperatures for anticipation of the load changes. 

The factor of greatest importance from the standpoint of control 
of a panel-heated building is the relationship between the thermal 
inertia of the panel and that of the structure. If the time required 
for an externally imposed load to be reproduced within the building 
is equal to the time required for a change in circulating-water tempera¬ 
ture to produce a change in the surface temperature of the panel no 
serious control problem exists, and any properly designed control 
system using an outside temperature bulb will maintain comfort con¬ 
ditions within the structure even through a rapid change in the out¬ 
door weather. However, when a building having very little thermal 
inertia, such as a house provided with an unusual amount of glass area, 
is heated with a panel having large thermal inertia, such as a concrete 
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floor panel, maintenance of comfort conditions within the house 
through a sudden change in outdoor temperature is impossible with 
any control equipment that is available at the time of this writing. 
On the other hand, a concrete-floor panel in a house having concrete 
walls supplemented with some insulation to produce thermal resistance 
as well as thermal inertia could be controlled in a satisfactory manner. 
The best results are posvsible when the thermal inertia of the panel and 
that of the structure are equal. Satisfactory results (jan be obtained 
when the thermal inertia of the panel is less than the thermal inertia 
of the structure. However, the control of the panel is certain to be 
unsatisfactory when the thermal inertia of the panel is appreciably 
greater than that of the structure. 

If the effect of the occupants and interior processes is neglected, the 
relationship between the air temperature and the mean radiant tem¬ 
perature of the six surfaces of a panel-heated room will depend entirely 
on the amount of outdoor air that is introduced by either infiltration 
or deliberate ventilation. With zero ventilation the air temperature 
would approximate the average temperature of the room surfaces, and 
an ordinary room thermostat set at 70 F could be used for the control 
of a panel system. However, when outdoor air is introduced at tem¬ 
peratures below 70 F such a room thermostat set at this temperature 
would demand more heat from the panel to warm this air resulting in 
an increase in the surface temperature of the panel and consequently 
an increavse in the mean radiant temperature of the six room surfaces. 
It is therefore clearly evident that a panel-heated room in which the 
heating system is controlled by a room thermostat set at 70 F will 
maintain an environment that is too warm for perfect comfort at all 
times when outdoor air is introduced at a temperature below the 
thermostat setting. Introduction of outdoor air calls for a reduction 
in the thermostat setting, and the amount of the reduction is directly 
proportional to the amount of air introduced and inversely proportional 
to the temperature of this air. 

In well-built homes requiring no mechanical ventilation, light¬ 
weight panels such as those made of small tubes with metal lath and 
plaster may be satisfactorily controlled with an ordinary room thermo¬ 
stat of good design. No noticeable discomfort is likely to result from 
the fact that the air temperature is slightly above that specified by 
the comfort equation during periods when the outdoor-air tempera¬ 
ture is low. This slight overheating in cold weather can easily be 
eliminated if desired by reducing the thermostat setting 1 or 2 deg. 
However, in buildings the use of which requires the introduction of 
large amounts of outdoor air, a reduction in thermostat setting as 
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much as 10 F may be required during extremely cold weather, and 
frequent adjustment of the thermostat setting may be required for 
the maintenance of comfort during periods when the outdoor tempera¬ 
ture is changing. The obvious solution to the temperature-regulation 
problem in a building of this sort heated with a panel system is a con¬ 
trol device that keeps the temperature of the inside air in the proper 
relationship to the outdoor-air temperature. In the knowledge of 
the authors, no such control system is available at this time. 


TABI.E 88 


Optimum Indoor Temperature 

IN Pai.el-iIeatbd Rooms 

FOR Different 

Outdoor Temperatures and ; 

Different Amounts of Ventilating Air* 

Ventilation 


Op!imum 

Optimum 

Optimum 

Air, Cu Ft 


Inside-Air 

Inside-Air 

Inside-Air 

per Hr per Sq 

Outdoor 

Temperature 

Temperature 

Temperature 

Ft of Room 

Temperature, 

with Ceiling 

with Wall 

with Floor 

Surface 

Deg F 

Panels, Deg F 

Panels, Deg F 

Panels, Deg F 

0 

Any Temperature 

70 

70 

70 


below 70 




2 

30 

68.8 

69.2 

69.0 


20 

68.6 

68.9 

68.8 


10 

68.4 

68.7 

68.5 


0 

68.0 

68.5 

68.2 


-10 

67.6 

68.3 

68.0 


-20 

67.2 

68.0 

67.7 

4 

30 

67.7 

68.4 

68.0 


20 

67.2 

67.8 

67.5 


10 

66.7 

67.5 

67.0 


0 

65.9 

67.0 

66.5 


-10 

65.2 

66.6 

65.9 


-20 

64.5 

66.2 

65.3 

6 

30 

66.5 

67.5 

67.0 


20 

65.9 

66.7 

66.3 


10 

65.0 

66.2 

65.5 


0 

63.9 

65.6 

64.6 


-10 

62.8 

65.0 

63.7 


-20 

61.6 

64.3 

63.0 

8 

30 

65.3 

66.7 

66.0 


20 

64.5 

65.6 

65.0 


10 

63.5 

64.9 

64.0 


0 

61.8 

64.1 

62.8 


-10 

60.3 

63.3 

61.7 


-20 


62.5 

60.5 


* Data compiled from graphs prepared by the engineering staff of the Min¬ 
neapolis-Honey well Regulator Company. Data are for outer walls having a U 
value of 0.12 and are valid for all walls of conventional good construction having IJ 
values from 0.05 to 0.20. 



376 


PANEL HEATING 


Table 88 compiled from data accumulated by the engineers of a 
prominent manufacturer of control equipment gives optimum indoor 
temperatures in panel-heated structures for different amounts of ven¬ 
tilating air, covering a considerable range of outdoor-air temperature 
and three different panel locations. 

269. Design of Panel-Heating Systems Using Heated Water. 
Many different procedures have been proposed for the design of the 
panels in panel-heating systems, but there is at the present time no 

one method which has been 
generally accepted as stand¬ 
ard. There are many factors 
which affect the performance 
of a heating panel, such as 
temperature of the panel and 
that of the unheated surfaces, 
emissivity of the various sur¬ 
faces, air temperature, size of 
pipes, spacing of pipes, con¬ 
ductivity of covering material, and depth of cover. A completely 
accurate design procedure taking into consideration all of the factors 
is exceedingly involved and laborious. In all the methods which 
have been proposed for practical application, certain assumptions 
are made in regard to some of the less-important factors in order 

to simplify the solution. Some 
of the proposed methods in¬ 
clude a mat.hematical analysis 
of each problem while others 
make use of a rather extensive 
series of charts. Either of the 
above-mentioned methods is 
beyond the scope of this book, 
and it is impossible in the space 
that can be allotted to this 
subject to cover all the possible 
arrangements which may be used. The two arrangements most com¬ 
monly used are floor panels in which pipes are embedded in concrete 
as shown in section by Fig. 213 and ceiling panels in which either small 
pipes or tubes are attached to metal Idth or expanded metal and are 
covered with plaster as shown in Fig. 214. Wall panels when used 
to supplement either floor or ceiling panels can be constructed in 
exactly the same manner as the ceiling panels. 

The general procedure to be followed in designing a panel-heating 


.Floor above 


^ Rnished floor 
^ Rough floor 





\ \ ^Insulating fill 

\ ^Furring strips 
^ Metal lath 


Panel tubes 
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Fig. 214. Soction of an insulated ceiling 
panel. 




- Floor covering 
Mastic 


^Concrete 
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Crushed rock 
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Fig. 213. Section of a concrete floor 
panel. 
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system is the same regardless of the details of the panel and is given 
in outline form. Detailed information for carrying out certain steps 
will be given only for the two types of panel construction which have 
been mentioned. 

The design procedure which follows is an attempt to take into con¬ 
sideration all the factors which might seriously affect the performance 
of a panel in a method which is not too involvrd for use by the prac¬ 
tical designer. Tables and charts have been drawn from the available 
literature of the day. 

270. General Design Procedure for a Panel-Heating System. 

1. Compute by convtalionf ' rr .ithods (see Chap. 4) the hourly 
heat losses from each of the rooms to be heatea, assuming for calcula¬ 
tion purposes that the room air temperature will be maintained at 
70 F (see explanation of step 1). 

Siej) 2. Make a careful survey of the shapes and uses of the various 
rooms and decide upon the surface in each one which is to be used as 
the heating panel (see Art. 2()3). 

Step 3. Divide the heat losses from each room by the area of the 
surface to be used to obtain the required output of each panel in Btu 
per hour per square foot of available area. A comparison of these 
required output rates will disclose the panel of maximum required 
capacity. 

Step 4’ 1^'or each room calculate the mean radiant temperature of 

the live unheated room surfaces, assuming for the moment that the 
heating panel will be confined to the surface selected (see explanation 
of step 4). 

Step 5. Using the results from steps 3 and 4, obtain the required 
panel surface temperatures (see explanation of step 5). 

Step 6. Estimate the heat losses from the reverse side of each panel 
in Btu per hour per square foot of panel surface, and add this quantity 
to the required heat emission rate from the surface facing the room. 

Step 7. Select the allowable mean temperature of the circulating 
water (see explanation of step 7). 

Step 8. Select a combination of pipe size, pipe spacing, and depth 
of cover which will provide the required total unit output, first for the 
panel of greatest demand then for the other panels, using the same 
mean temperature of the circulating water that was calculated for the 
panel of the greatest unit heat output (see explanation of step 8). 

Step 9. Sketch the proposed coils on the plan of the building to be 
heated (see Fig. 211). 

Step 10. Lay out a system of supply and return mains servicing all 
the individual panels. 
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Step 11, Calculate the weight of water which must be circulated 
through each panel, and estimate the friction loss using the method 
that is outlined in Art. 250. 

Step 12, Estimate the friction losses in the entire system. 

Step 13, Select the boiler and the circulating pump. 

Step 14 , Calculate the required size of the expansion tank, and 
indicate its proper location. 

Step 16, Indicate the location of balancing valves for properly 
distributing the heated water to the various panels in the system. 

Explanation of step L If the panel in any room is to be located in 
an exposed surface, such as the floor in a basementless house, the room 
heat loss through this panel surface is assumed to be zero. Assump- 



{From “ Hot-Water Heating, Radiant'Heating, and Radiant Coolmg,** 
by F.E. Giesecke. Used by permission.') 

Fig. 215. Inside-surface temperatures of outside walls. 

tion of an air temperature of 70 F under design conditions will provide 
a factor of safety as the actual operating air temperature under design 
conditions will be somewhat less than 70. 

Explanation of step 4 . The mean radiant temperature of the five 
unheated surfaces in a room in which a heating panel occupies the 
sixth surface may be determined by the following procedure. 

a. Calculate the area of each of the five unheated surfaces. 

b. Determine the inside-surface temperature of all exposed walls, 
floors, and ceilings under design conditions. Use Fig. 215, and assume 
that the surface temperature of all interior partitions is 70 F. The U 
values for the different exposed walls have previously been determined 
in the calculation of step 1. 

c. Multiply each of the several surface areas by the proper heat 
emission rate, in Btu per hour per square foot, from Table 89, and 
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add the products to find the total heat emitted by all these surfaces. 
Divide this total by the sum of the five room-surface areas to find the 
mean unit heat radiation of the room surfaces exclusive of the one to 
be used as a panel. The mean radiant temperature of the five sur¬ 
faces may then be found from Table 89 as that corresponding to the 
mean heat emission rate. Use of Table 89 requires reference to Table 
90 in the determination of emissivity values for different types of 
surface finishes. 

TABLE 89 

Heat Emission by Surfaces HA^ rNO Various Temperatures and Emissivity 
Factors, Btu r::R Hot r i m Square Foot* 


Surface 
Temper¬ 
ature, 
Deg F 


20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

54 

56 

58 

60 

62 

64 

66 

68 


Emissivity Factor e 


Surface 


1.00 

0.95 

0.90 

0.85 

0.80 

jLf mper- 

aturc, 
Deg F 

1.00 

0.95 

0.90 

0.85 

0.80 

91.8 

87.2 

82.6 

78.0 

73.5 

70 

136.0 

129.3 

122.3 

115.6 

108.8 

93.4 

88.7 

84.0 

79.4 

74.7 

72 

137.9 

131.0 

124.0 

117.2 

110.3 

94.9 

90.2 

85.4 

80.7 

75.9 

74 

140.2 

133.1 

126.1 

119.2 

112.1 

96.5 

91.7 

86.9 

82.0 

77.2 

76 

142.8 

135.7 

128.5 

121.4 

114.2 

98.1 

93.2 

88.3 

83.4 

78.5 

78 

144.9 

137.7 

130.4 

123.2 

115.9 

99.7 

94.7 

89.8 

84.7 

79.8 

80 

147.2 

139.9 

132.5 

125.1 

117.9 

101.4 

96.3 

91.2 

86.2 

81.1 

82 

149.3 

141.8 

134.4 

126.9 

119.4 

103.0 

97.9 

92.7 

87.6 

82.4 

84 

151.5 

143.9 

136.4 

128.8 

121.2 

104.7 

99.5 

94.2 

89.0 

83.8 

86 

153.8 

146.1 

138.4 

130.7 

123.0 

106.4 

101.1 

95.8 

90.4 

85.1 

88 

156.0 

148.2 

140.4 

132.6 

124.8 

108.0 

102.8 

97.2 

91.8 

86.4 

90 

158.5 

150.5 

142.7 

134.7 

126.9 

109.9 

104.4 

98.9 

93.4 

87.9 

92 

160.6 

152.6 

144.6 

136.5 

128.5 

111.6 

106.0 

100.5 

94.9 

89.3 

94 1 

163.0 

154.8 

146.7 

138.6 

130.4 

113.3 

107.7 

102.0 

96.3 

90.8 

96 

165.3 

157.1 

148.8 

140.5 

132.3 

115.2 

109.5 

103.8 

97.9 

92.3 

98 

167.7 

159.3 

150.9 

142.5 

134.2 

116.9 

111.0 

105.3 

99.4 

93.6 

100 

170.3 

161.7 

153.2 

144.8 

136.2 

118.8 

112.9 

106.9 

101.0 

95.1 

105 

176.3 

167.5 

158.7 

149.9 

141.0 

120.6 

114.6 

108.6 

102.5 

96.6 

no 

}82.3 

173.2 

164.2 

155.0 

146.0 

122.6 

116.4 

110.3 

104.2 

98.1 

115 

189.1 

179.7 

170.2 

160.7 

151.3 

124.4 

118.2 

112.0 

105.7 

99.6 

120 

195.6 

185.7 

176.1 

166.3 

156.5 

126.3 

119.9 

113.8 

107.4 

101.1 

125 

202.6 

192.5 

182.4 

172.2 

162.1 

128.2 

121.8 

115.3 

109.0 

102.6 

130 

210.9 

200.4 

189.8 

179.3 

168.8 

130.1 

123.5 

117.1 

110.6 

104.1 

135 

216.8 

206.0 

195.1 

184.3 

173.5 

132.1 

125.5 

118.8 

112.3 

105.8 

140 

224.1 

212.9 

201.8 

190.5 

179.2 

134.0 

127.3 

120.5 

113.9 

107.2 

150 

238.0 

226.1 

214.4 

202.3 

190.5 


Emissivity Factor e 


* From Hot Water Heating, Radiant Heating, and Radiant Coding, by F. E. 
Gicsecke. Used by permission. 

It may be noted from Table 91 that the emissivity e for all materials 
commonly used in room surfaces is close to 0.90 so that in most cases 
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this value may be assumed for all the surfaces without the introduction 
of serious error. 

Explanation of step 5. Authorities agree that approximately 70 per 
cent of the heat is delivered by radiation from a ceiling panel, 65 per¬ 
cent from a wall panel, and 55 per cent from a floor panel. Therefore 
the heat to be delivered by radiation from each panel is the proper 
percentage, depending upon the oi-ientat,ion of the panel, times the 
total heat loss from the room to be heated, as calculated in step 1. 



{From '' Hot^Water Heating, Radiant Heating, and Radiant Cooling," 
by F. E. Giesecke. Used by permission.) 

Fig. 216. Heat delivered to rooms by radiation from paiu'ls. 

Dividing the heat in Btu per hour that is to be delivered by radiation 
from the panel by its area will give the required output by radiation 
in Btu per hour per square foot of surface. Figure 216 can then be 
used to determine the required panel surface temperature. 

TABLE 90 

Approximate Emissivity Factors for Various Types ok Surfaces at a Tem- 



PERATURB 

OF 70 F 


Black body 

1.00 

Marble, polished 

0.93 

Aluminum, dull 

0.22 

Oak 

0.90 

Aluminum, polished 

0.04 

Oil paint 

0.94 

Asbestos, board 

0.94 

Paper 

0.93 

Brass, dull 

0.22 

Plast(;r 

0.91 

Brass, polished 

0.03 

Roofing paper 

0.91 

Concrete 

0.90 

Rubber, hard 

0.91 

Glass 

0.92 

Rubber, soft 

0.86 

Iron and steel, dull 

0.82 

Tile 

0.90 

Lead, dull 

0.28 

Water 

0.95 
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Explanation of step 6. For a concrete panel laid on the ground the 
heat loss through the reverse side of the panel has been found to be 
small, provided that a suitable fill consisting of at least 6 in. of crushed 
rock or gravel is placed between the lower side of the panel and the 
ground and, further, provided that a strip of insulating material at 
least 1 in. in thickness is placed between the edges of the panel and 
the foundation walls of the building. Tf these provisions are made 
against excessive conduction of heat to the ground, an allowance of 
10 per cent of the heat losses of the room has proven to be adequate. 

For ceiling and wall parads, the loss of heat from the reverse side 
of the panels can be reduced ^o app <'oy‘mately 10 per cent of the heat 
delivered to the rooms, provided that at least 3 in. of rock wool or 
equally effective insulation is placed in the stud or joist spaces on the 
rear sides. If for any reason, such as the desire to deliver some heat 
to a room on the opposite side of a panel, insulation is not provided, 
the total resistance to heat ilow in each direction from the plane of the 
pipes or tubes should be calculated and the reverse heat flow estimated 
by multiplying the amount of heat to be delivered to the room by the 
inverse ratio of the resistances. For example, if the resistance between 
the plane of the pipes or tubes and the reverse side is 4 times the 
resistance between this plane 
and the panel surface, the losses 
from the reverse side woidd be 
estimated as one-fourth of the 
heat required to heat the room. 

Explanation of step 7. The 
higher the mean temperature of 
the circulating water the lower 
is the number of square feet of 
pipe required, but excessively 
high temperatures may cause 
(tracking of the concrete or 
plaster and uneven heating at 
the surface. The recommended mean water temperature for design 
purposes is 130 F for pipes embedded in plaster in a ceiling panel and 
from 100 F to 120 F for pipes embedded in concrete in floor panels 
(see Fig. 217). 

Explanation of step 8. In making a selection of the pipe size, pipe 
spacing, and depth of cover for the panel of greatest demand, it is 
necessary to assume a combination and then determine the mean 
temperature of circulating water that would be necessary with that 
combination to give the required rate of heat transfer from the water 



Distance from top of pipes to 
surface of concrete, in. 


Fig. 217. Design water temperatures for 
concrete-floor panels. 
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to the panel surface. If the required water temperature is too high, 
a combination must be selected which will provide more pipe surface 
per square foot of panel, unless it is practicable to decrease the depth 
of cover. 



Fig. 218. Wrought-iron pipe surface per square foot of panel surface. 

The heat conducted from the pipes to the panel surface per square 
foot of this surface may be represented by the following equation. 

H = - tp) (116) 

where H = heat to be conducted or the total heat loss from the room 
divided by the panel surface area, Btu per hr per sq ft 
of panel surface. 

S = pipe surface per square foot of panel, sq ft (see Figs. 218 
and 219) 

R = rate of heat conduction from pipe surface to panel surface 
per degree Fahrenheit of water to panel-surfac^o tempera¬ 
ture difference, Btu per hr per sq ft (see Figs. 220 and 221). 
ty, = mean temperature of water, deg F. 
tp = temperature of panel surface, deg F. 

Example. Specify the pipe size, pipe spacing, depth of cover, and mean tem¬ 
perature of the circulating water for a bare concrete floor panel which is to deliver 
a total of 30 Btu per hr per sq ft of panel surface. The mean radiant temperature 
of the other five room surfaces has been estimated as 68 F under design conditions. 





Fio. 219. Coppcr-tul)e surface per square foot of panel surface. 



Btu per square foot of Un, pipe per degree temperature 
difference between the mean water temperature and the 
temperature of the surface of a concrete panel 

(From“ Radiant Heating," by T. Napier Adlam. Used by 
permiaaion of The Induatrial Preaa, New York.) 

Fig. 220. Heat conduction per unit temperature difference for J-in. pipes spaced 
9 in. apart and buried in concrete at various depths. 
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Assume that this panel is the one from which the demand is maximum for the 
system. 

Solution. Since 55 per cent of the heat from a floor panel is by radiation the 
heat required by this means is 0.55 X 30 = 16.5 Btu per hr per sq ft. From P'ig. 
216 it may be determined that a panel surface temperature of 85 F will be required. 
The total required heat output of 30 Btu per hr per sq ft must be conducted from 
the pipes to the panel surface because of the difference between the mean water 
temperature and 85 F. Assuming a combination of -J-iri. pipe, 9-in. spacing, and 
3-in. depth of cover, equation 116 may be rearranged to find the required mean 



Btu per square foot of i-in. pipe per degree difference 
between the water temperature and the surface temp¬ 
erature of a plaster ceiling or wall panel. For J-in. pipe 
multiply the above by 0.94 and for 1 • in.pipe by 0.90 

{From ** Radiant Heating” by T. Napier Adlam. Utted by per¬ 
mission of the Industrial Press, New York.) 

Fig. 221. Heat conduction per unit temperature difference for ^-in. pipes in a 

plaster panel. 

temperature of the circulating water, as — 85 = 30 /aS 7^. From Fig. 218, 
S = 0.37, and, from Fig. 220, R = 6.3. Therefore = 30/(0.37 X 6.3) + 85 = 
97.85 F. 

According to the data of Fig. 217 the maximum allowable water 
temperature for this panel construction is 107 F. Although some 
economy in first cost could be effected by using less pipe and a higher 
temperature, the above combination would allow for the possibility 
that a floor covering may be placed over the bare concrete, thereby 
requiring an increase in the water temperature. Having determined 
the mean temperature of the circulating water for the panel of maxi¬ 
mum demand, this temperature becomes fixed for all of the other 
panels, and it remains only to select a combination of pipe size, pipe 
spacing, and depth of cover which will deliver the required output. 
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Example. Assume that another panel in the system of the preceding example 
is required to deliver 28 Btu per hr per sq ft and that it has been determined through 
the same procedure that a surface temperature of 80 F is required. Assuming 
the same depth of cover that was used in the panel of maximum demand, select 
a suitable combination of pipe size and spacing. 

Solution. The mean water temperature has been fixed by the calculation made 
for the panel of maximum demand at 97.85 F. H will also be the same, 6.3 
Btu per sq ft i)er dog temperature difference, if the spicijig factor is temporarily 
neglected. Substitution in equatioi* 116, wil Ii j ttTins rearranged, gives S = 
28 -r- 6.3(97.85 — 80) = 0.245 sq ft. of pip<‘ surface per sq ft of panel surface. 
From Fig. 218 it is apparent that J-in. pipes spaced on 13-in. centers will provide 
the necessary pipe surfaeci for the pam*]. Referring again to Fig. 220 it may be 
noted that the spacing factor for r pr's pi cced 13 in. apart is 1.023 instead of 1.0 
as was assumed. Consequently 13-in. provid ‘S about 2 per cent more 

pipe surface than is required, but, if balanr‘ing valves are provided in the pipes 
supplying individual panels, no operational difficulties will result from this slight 
excess of pipe surface. 

If it is desired to use other than f-in. pipe, the procedure is exactly the same 
except that a factor for pipe siz-e is applied to the curve in Fig. 220. The same 
general procedure may be used in designing the coils for wall or ceiling panels or 
for a panel of any orientation using copp<‘r tubes instead of wrought-iron pipes. 
If copper tubes are employed, Fig. 219 is used instead of Fig. 218, and, for plaster- 
finished wall or ceiling panels. Fig. 221 is used in place of Fig. 220. 

Explanation of steps 9 to 15. After the design of all individual coils 
has been completed the weight of water to be circulated through each 
one may be found by dividing the recpiired total panel output from 
step 6, by 15, assuming a temperature drop of 15 deg. The weight 
of water to be handled l)y each section of the supply and return mains 
may lie determined by adding the weights recpiired by the individual 
coils serviced. The procedure to be followed in sizing the mains and 
in estimating the friction loss of the entire system is the same as out¬ 
lined for hot-water systems in Chap. 11. 

271. Use of Air as the Heating Medium in Panel Systems. Al¬ 
though panel-heating systems employing heatcnl water as the circulat¬ 
ing medium greatly outnumber those using warmed air, the possibilities 
of the latter type should not be overlooked. Panel systems in which 
heated air is circulated can in general be installed at lower initial cost 
and are free from the danger that a leak may develop and cause 
serious damage to any part of the building or furnishings. Inasmuch 
as it is not necessary to embed pipes or tubes in the substance used for 
constructing them, ceiling or wall panels which have to support only 
their own weight may be much thinner when air is used as the heating 
medium instead of water. A thinner panel results in less thermal 
inertia and less resistance to heat conduction from the circulating 
medium to the surface which is exposed to the room that is being 
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heated. Because of reduced mass in the panels it is easier to achieve 
a satisfactory control of the room temperature when air is used in 
place of water. Another advantage in using heated air instead of 
heated water is that local hot spots in the panel are eliminated and 
there is less danger that the plaster will crack. The only serious dis¬ 
advantages in using air instead of water are the lower density and the 
lower specific heat of this medium necessitating the circulation of a 
greater weight and a much greater volume for the same heat output. 
It is therefore likely that the cost of power for the operation of a 
system employing heated air will be greater than that for a water- 
heated panel system of equal capacity. However, if proper attention 
is given to duct and panel design, the power required to operate a 
warm air-panel system will not be prohibitive from an overall economy 
standpoint. 

Heated air can be circulated through hollow tile under concrete 
floors or between the joists of wood floors, but the ceiling panel offers 

the possibility of achieving light 
weight with conventional lath and 
plaster or its equivalent. If wood 
joists are used in the ceiling con¬ 
struction it is necessary to provide 
a circulating space below the bot¬ 
tom of the joists. This may be 
accomplished as shown in Fig. 
222. Plaster board attached to 
the lower edges of the ceiling joists forms the upper boundary of 
the air passage. Special hangers attached to the joists support 
steel rods which in turn are used to support the metal lath over 
which the plaster is spread. One method of supplying heated air, 
directing its flow through the panel and returning it to the furnace, is 
illustrated in Fig. 223. The baffles may be made of metal or other 
suitable material and must be attached to the plaster board before 
installing the lath. The furnace is the same type as is used in con¬ 
ventional forced-circulation warm-air heating systems. The fan used 
may also be the conventional type, but it must be capable of handling 
a greater volume of air. Ducts for conducting air from the furnace 
to the panel and from the panel to the furnace may be of the same 
construction as the supply and return ducts of convection systems. 
However, in the warm-air panel system, the supply ducts are usually 
located in outer walls with the return ducts in inner partitions, which 
is contrary to general practice in designing the other type of forced 
warm-air heating plant. If friction losses are to be comparable to 



Fig. 222. Suspended warm-air panel. 
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those in a convection plant, both supply and return ducts must be 
made larger in proportion to the heat-carrying capacity in the panel 
type of installation. Figure 223 shows a furnace serving only one 
panel, but by means of 
suitable supply and return 
trunk ducts a single fur¬ 
nace can serve several 
panels in the same general 
manner in which a convec¬ 
tion system supplies heated 
air to and returns recircu¬ 
lated air from several rooms 
in the same building. 

The suspended ceiling 
construction that is shown 
in Figs. 222 and 223 is 
patented, and a royalty 
must be paid to the owners 
of the patent for each in¬ 
stallation in which it is in¬ 
corporated. Other types 
of warm-air panel construc¬ 
tion are being developed, 
and an all steel house de¬ 
signed to incorporate warm-air panel heating may soon be produced 
on a mass production basis. 

Where joists arc the open-web steel type the lath and plaster or 
suitable substitute may be attached to the bottoms of the joists, as 
the open construction permits circulation of the air through the joist 
spaces. Figure 224 shows the construction of such a panel in the 
new Warm Air Furnace Research Residence located at the University 
of Illinois in IJrbana, Illinois. The house is a one-story structure, and 
the view shown reveals the interior of the ceiling panel intended for 
the heating of the north bedroom. The completed construction 
included a layer of fireproof material laid over the top of the steel 
joists on which rock wool bats 4 in. thick were placed to reduce heat 
loss from the reverse side of the panel into the attic space. A layout 
of the five ceiling panels for this house is given in Fig. 225. The 
warm air supply ducts pass through the attic space from a plenum 
chamber above the attic floor to the panel entrance points always 
located near an outside wall. The path of the air flow through each 
panel is indicated by the arrows. The return air ducts which also 



Fig. 223. Schomatic diagram of a warm-air 
panel-heating system. 



oaiTie" 


Finished ceiling 


(T) Air introduced into heating panel by duct m attic space 
(^Air removed from heating panel by duct in attic space 

Fig. 224. A warrn-air panel in vvhi(4i tin* air is circulated laterally thron} 2 ,h open- 
web steel joists. (Floor above joist space is not shown.) 


Open-web 
.steel ceiling! ioists 



(National Warm Air Heating and Air Conditioning Research Residence, University of Illinois.) 


Fig. 225. Layout of warm-air ceiling panels. All ducts shown are in the attic 


space and are insulated with a blanket type of insulation. Ducts shown in solid 
lines supply heated air to the panels. Ducts shown in broken lines conduct the 
return air from the panels to the return-air plenum. 
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pass through the attic space receive the air from the panels and conduct 
it to the return-air plenum as indicated by the broken lines. Both 
the warm-air plenum and the return-air plenum are heavily insulated 
as are each of the two sets of air ducts. The warm-air plenum in the 
attic space is connected to the outlet from the furnace located in the 
basement by a vertical duct measuring 13 by 18 in. A similar vertical 
duct adjacent to the one first mentioned conducts the air from the 
return-air plenum also in the attic space* to the lower part of the furnace 
casing. Rock-wool insulation of 4-in. thickness is provided between 
the two vertical ducts to pie/ent exchange of heat between the two 
air streams. 

272. Design of Warm-Air Panel-Heating Systems. A suggested 
procedure to be used in designing a panel system, using heated air, is 
exactly the same as that outlined in Ait. 217 through step 0. Beyond 
step 6 it is necessary to determine the required mean air temperature 
for the panel of greatest demand by solving for ta in the equation, 
// = UA{ta — in which 


// + UAt^ 


(117) 


where H 
U 

A 

ta 

tp 


estimated heat losses from the room, Btu per hr. 
overall coefficient of heat transfer, heating air to panel 
surface, Btu per hr per sq ft per deg F. 
area of the panel, sq ft. 

average temperature of the heating air in the panel, deg F. 
the required panel-surface temperature (from step 5, Art. 
270), deg F. 


After the required mean air temperature has been determined for the 
panel of greatest demand, the required areas of the remaining panels 
can be determined by the use of the same equation, in this case using 
the value of ta found for the panel of greatest demand and solving 
for A. Often, as in the layout shown by Fig. 225, it may be more 
practicable to use the entire ceiling area as the panel in each room, 
though the required surface is less than this amount. When the panel 
areas are not adjusted to the heating requirements of the individual 
rooms the system must be balanced by regulating the volume of heated 
air that is fed into each panel. When the heating effect in the various 
rooms is balanced in this manner the temperature of the air recircu¬ 
lated from the different panels will not be the same and the air leaving 
the one which contains the greatest amount of excess area will be at 
the lowest temperature. Low temperature of the air leaving a panel 
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means that its surface temperature is low near the exit point, which 
may result in uneven heating of the room below. Comfort conditions 
can usually be maintained in a room heated by such an arrangement, 
provided that the air passage through the panel is laid out in such a 
way that the warmest air circulates over the portions of the room which 
are close to outside walls, windows, or doors (see Fig. 225). 

The weight of air to be circulated through each panel and through 
the system, assuming a 55 F drop in air temperature, is given by the 
equation 


W = 


H 

0.24 X 55 


(118) 


where W = weight of air circulated, lb per hr. 

II — the total heat to be supplied, including the losses from 
the reverse side of the panel, Btu per hr. 

When the required weight of the air to be circulated has been deter¬ 
mined the volume to be handled by the fan may be found by applica¬ 
tion of the following equation 


Q = 


W 

60 X da 


(119) 


where Q = volume of air passing through the fan, cfm. 

W = weight of air circulated, lb per hr. 

da = the density of the air at the assumed barometric pressure 
and temperature at which it is returned from the panel, 
lb per cu ft. 

The size of the distributing ducts and the friction loss of the system 
may be calculated by the method outlined in Art 302. A design pro¬ 
cedure applicable to a system employing air-heated ceiling panels 
which is similar to that given in Chap. 6 for forced warm-air convec¬ 
tion systems is included in Manual 7A,^ published by The National 
Warm Air Heating and Air Conditioning Association. 

273. Comparison of Warm-Air Panel Systems with Forced Circu¬ 
lation Convection Systems. The principle differences between a warm- 
air panel system and a conventional forced-circulation warm-air 
system are: (1) the panel system is a closed system in which the cir¬ 
culating air at no time enters the rooms which are heated, and (2) 
the allowed temperature drop of the circulating air is of the order of 

‘ “Code and Manual for the Design and Installation of Warm Air Ceiling Panel 
Systems,^’ Copyright 1948 by National Warm Air Heating and Air Conditioning 
Association, 146 Public Square, Cleveland 14, Ohio. 
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55 F under design conditions compared with 100 F for the convection 
system. This means that a considerably greater weight of air will 
have to be circulated in the panel system, and the cost of power may 
be expected to be proportionately higher. Greater power costs in 
panel systems may be at least partially offset by improved heat trans¬ 
fer through the heating surfaces to the air passing through the furnace 
casing. Additional friction loss in the systoin may be offset by a 
reduction of friction loss through the elimination of the filter which is 
no longer needed. An important advantage «)f the panel system from 


Return-air intake-' 
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\ {floor serves as warm-air 
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Utility roc:!! 
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... . 

'Concrete slab 'Warm-air supply plenum 
^Gravel fill across one edge of floor 


Ground 


*Floor panel constructed of special hollow tile laid 
so as to form parallel air passages between 
supply plenum and outlet slot 


Fig. 226. Combination forced-warm-air floor-panel and convection heating 

system. 


the standpoint of comfort is that the temperature of floors or floor 
coverings is increased by the radiant heat received from the panel, 
regardless of the room surface in which it is placed. However, a 
heating panel in a room does not prevent downdrafts of cold air in 
areas close to windows and doors, whereas properly placed warm-air 
outlets in forced-circulation convection systems can be very effective 
in eliminating discomfort from this source. Another disadvantage of 
the panel system is that it does not afford a means of adding moisture 
to the air in the spaces served through evaporation of water in the 
furnace casing. 

274. Warm-Air Systems Combining Panel and Convection Heating. 

The advantage of warmer floors, characteristic of panel-heated rooms, 
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can be obtained together with air circulation, in the spaces served, and 
air humidification by employing a combination system as is illustrated 
in principle by Fig. 226. In the combination system illustrated the 
warm air issuing from the slot at the edge of the panel is directed 
upward in a plane adjacent to the outer wall containing the greatest 
proportion of window area. This stream of heated air would be very 
effective in preventing downdrafts of cold air in that vicinity. The 
full advantage of the combination system can best be used when the 
panel is located in the floor instead of in the ceiling. Discharging the 
air which leaves the panel into the room instead of returning it directly 
to the furnace should permit a demand for increased heat output to be 
satisfied with less time lag than that which would result when all of the 
heat is delivered through the surface of the panel. 'J'he combination 
system has not been developed (commercially at the time of this 
writing, but it appears to offer definite possibilities for results which 
are superior to those attainable by either a convection system or a 
panel system. 



CHAPTER 13 


AIR CONVEYING AND DISTRIBUTION, FANS, DUCT DESIGN, 

AND DIFFUSION 

276. The Production of Aii Flow. The movement of air is promoted 
either by differences in density or supplied pressure. Within a 
closed room natural air motion is created by iieated air, of reduced 
density, rising and cooler nir, of greater density, flowing to take its 
place. The movement is due to the process of convection, and the 
velocities of flow are low. 

Gravity flow in ducts results from the difference in the weights of two 
columns of air of equal height and cross-section but of unequal temper¬ 
atures. The action is the same as in chimneys and gravity-flow 
hot-water systems. Forced circulation of air in ducts arises from the 
pressure difference created by a fan or other agency which supplies the 
necessary pressure head to create the air velocity attained and to 
overcome frictional and other resistances to flow. 

276. Volumes and Weights of Air Handled. The volume of a given 
weight of air varies as its temperature and pressure. Because of this 
fact, wherever possible it is desirable to convert air volumes to weight, 
by the use of the fundamental eciuation PV = WRT^ before making 
calculations involving either heating or cooling of air. After the heat 
added or abstracted has been taken into account the air volume under 
the new conditions can be found. 

Simple relationships hold for air quantities when Q is the volume, 
cubic feet per unit of time; W the weight, pounds per unit of time; 
d the weight, pounds per cubic foot; V the average velocity of flow, 
feet per unit of time; and A the cross-sectional area, of the duct in 
which flow occurs, square feet. The following are true: Q = AV, 
A = Q/V, V = Q/A, and W = Qd. 

277. The Determination of Velocities of Air Flow. The instruments 
used to determine velocities of air flow in heating and air-conditioning 
systems depend upon their convenience of use and the magnitude of the 
velocity to be ascertained. Instruments employed are: kata thermom¬ 
eters, pitot tubes, and anemometers. 

278. Kata Thermometer. The dry-bulb kata thermometer. Fig. 
227, has an alcohol-filled bulb in. in diameter, and ^ in. long, together 
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with an 8-in. stem having engraved upon it graduations of 95 and 100 F. 
The instrument is used with air less than 90 F in temperature by 
immersing the bulb in warm water until alcohol is driven 
V into the reservoir above the stem graduations. After 

' careful drying of the bulb the thermometer is held 

away from the body, and the time in seconds for the 
100 F alcohol to fall from 100 to 95 F is ascertained with a 
stop watch. The time required is a measure of the cooling 
power due to radiation and convection heat losses from 
the bulb. The readings vary with the dry-bulb temper¬ 
ature of the air and its velocity flow over the bulb. When 
the room-air temperature is above 100 F the bulb is 
cooled and dried and the time for the liquid rise from 
95 p 95 to 100 F is determined. 

Each thermometer has a factor F marked on the stem. 



Fig. 227. 
Dry-bulb 
kata ther¬ 
mometer. 


The factor F divided by either the average cooling or 
warming time, s, in seconds gives the cooling or heating 
power Kp = F s in millicalories per second per square 
centimeter. Air velocities y, in feet per second, are calcu¬ 
lated from the dry-bulb data by equation 120 for velocities 
more than 3.28 and equation 121 when the velocities are 
less than 3.28. 


V = 3.28 


(Kp - O.IS^Y 

^ 0.47<o / 

(120) 

(Kp - 0.2««Y 
\ 0.4<e / 

(121) 


where U = 36.5 minus the dry-bulb temperature of the room air, C. 


Dry-bulb kata thermometers are of importance only in the measure¬ 
ment of low velocities of air flow in occupied spaces. 

279. Air-Duct Pressures. A discussion of the pressures existent 
within air ducts is desirable before the uses of pitot tubes and anemom¬ 
eters are considered. The total 'pressure is made up of two components, 
velocity pressure and static pressure. 

Velocity pressure is utilized in creating the velocity of flow. Static 
pressure is that which tends to burst or collapse the duct and is used 
to overcome frictional and other resistances to air flow. Velocity, 
static, and total pressures are interrelated. When an increase of 
velocity of flow is produced at any part of a duct system, part of the 
static pressure at that point is required to produce the change of the 
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rate of flow. Likewise, if the speed of flow is reduced at some point 
in a duct, part of the velocity pressure at that point is converted into 
static pressure. This phenomena is known as static-pressure regain. 
If the speed of flow is reduced gradually by the provision of a tapered 
transition section having a total included angle which does not exceed 
7 deg, the static pressure increases 
by an amount that is only slightly 
less than the decrease in the 
velocity pressure. 

The static pressure existing 
within a duct may be deterixuncd 
by attaching a manometer or 
draft gage of sufficient capacity to 
connections made at right angles 
to the longitudinal axis of the 
duct, as in Fig. 228. Because of 
turbulence of air flow in ducts the 
piezometer ring connection is 
likely to give a truer indication 
of static pressure than one single 
connection. Velocity pressure is determined by the measurement of 
the total pressure and the subtraction of the static pressure from it, 
either mathematically or by the proper attachment of the static and 
total pressure connections to the indicating gage. 

280. Pitot Tubes. A commercial type of pitot tube as adopted by 
the American Society of Heating and Ventilating Engineers, Fig. 229, 
combines in a single instrument both static- and total-pressure open¬ 
ings. A pitot tube for the measurement of total pressure only may be 
constructed of tubing of small internal bore and thin walls by bending 
a short leg at right angles to the remainder of the tube. The end of 
the short leg is cut squarely across and the tube walls ground to a thin 
edge at its end. 

Either tube described is inserted in a duct with the short leg parallel 
to the longitudinal axis of the duct and with the open end opposing the 
air stream. The open end of the short leg allows the total of the 
impact of the air and its static pressure to be indicated by the gage 
attached. 

Pitot tubes are not adapted to the measurement of velocity pressures 
corresponding to flows less than 6 fps unless used with very sensitive 
and delicate pressure-measuring gages. Pressure measurements are 
best made in a straight section of pipe at least 20 pipe diameters in 
length with at least 10 duct diameters on either side of the tube loca- 



Fig. 228. Piezometer ring. 
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— 5”-16D- 
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8holes-0.04 dia 
equally spaced 
free from burrs 


Section A-A 


Static pressure 


—Inner tubing Vs"0.0. 
Na21 B. & S. ga copper 

—Outer tubing Vie" 0.0. 
Nal8 B.&S.ga copper 


'^Total pressure 



Static pressure 


Velocity pressure 


-Total pressure 


Diagrammatic connections 
Duct pressure above 
atmospheric 

Fio. 229. Pitot tube. 

tion. Erroneous and variable data are likely to be secured when 
observations are taken near cither a fan outlet or a bend in the duct. 




Pressure greater than atmospheric 

Fig. 230. i 


Pressure less than atmospheric 


Fig. 230. Air-pressure measurements. 

281. Pressures Greater and Less Than Atmospheric. Figure 230 
indicates the use of a pitot tube in ducts where the air pressure is either 
greater or less than that of the outside atmosphere. The static pres- 
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sure is represented by the total pressure by ht, and the velocity 
pressure by /i^. The velocity pressure is always positive as measured. 
The static and total pressures are positive when the air in a duct is 
greater in pressure than the outside air and negative when the reverse 
is true, and the readings should be so indicated on the data sheet. 

The velocity of flow in a duct is never uniform so that a number of 
observations are necessary in order to arriv e at rlie average velocity of 
flow. A scheme of locating a tube at se\ eral points on two diameters of 
circular ducts and in rectangular and square ducts is shown by Fig. 
231. Observations taken at the points indicated serve to determine 
the average velocity of flow. 

Equal concentric 



Fig. 231. Locations of a pitot tube for a duct traverse. 


282. Computation of Velocity of Flow from the Velocity Pressure. 

dlie velocity of air flow is readily calculated from measured velocity 
pressures by the equation 



where v = velocity, fps. 

g = acceleration due to gravity, 32.16 ft per sec per sec. 
dw = weight of 1 cubic foot of water at the temperature of the 
gage fluid, Table 4, Chap. 1. 
hv — velocity pressure measured, in. of water. 
da = density of the air flowing, lb per cu ft. 

The average velocity of flow in a duct represents the mean of all the 
velocities at various places in the section of a duct at any place. The 
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Fig. 229. Pitot tube. 

tion. Erroneous and variable data are likely to be secured when 
observations are taken near either a fan outlet or a bend in the duct. 




Pressure greater than atmospheric 


Pressure less than atmospheric 


Fig. 230. Air-pressure measurements. 

281. Pressures Greater and Less Than Atmospheric. Figure 230 
indicates the use of a pitot tube in ducts where the air pressure is either 
greater or less than that of the outside atmosphere. The static pres- 




















COMPUTATION OF VELOCITY 


397 


sure is represented by the total pressure by ht^ and the velocity 
pressure by hy. The velocity pressure is always positive as measured. 
The static and total pressures are positive when the air in a duct is 
greater in pressure than the outside air and negative when the reverse 
is true, and the I'eadings should be so indicated on the data sheet. 

The velo(dty of flow in a duct is never uniform so that a number of 
observations are necessary in o^dcr to arri'^o af t^he average velocity of 
flow. A scheme of locating a tuV'c at several points on two diameters of 
circular ducts and in rectangular and square ducts is shown by Fig. 
231. Observations taken al \he points indicated serve to determine 
the average velocity of flow. 



282. Computation of Velocity of Flow from the Velocity Pressure. 

The velocity of air flow is readily calculated from measured velocity 
pressures by the equation 

^ 

where v = velocity, fps. 

g = acceleration due to gravity, 32.16 ft per sec per sec. 
dw = weight of 1 cubic foot of water at the temperature of the 
gage fluid, Table 4, Chap. 1. 
hy = velocity pressure measured, in. of water. 
da = density of the air flowing, lb per cu ft. 

The average velocity of flow in a duct represents the mean of all the 
velocities at various places in the section of a duct at any place. The 
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square root of the velocity pressure is involved in the calculation of a 
velocity. Therefore in arriving at the average velocity of flow the 
average square root of the velocity pressures must be used and not 
the square root of the average of the velocity pressures read. Thus 


= 


• • • + Vk^ 


(123) 


where n is the number of observations taken, 
of flow Va equation 122 should be arranged as 




For average velocity 


(124) 


283. Anemometers. Figure 232 illustrates one form of an instru¬ 
ment known as an anemometer which is used for the determination 

of air velocities ranging from 150 to 
1500 fpm. This type of anemom¬ 
eter is a delicate instrument which 
recjuires frequent calibration and 
careful handling. The air flow 
causes the vaned wheel to rotate 
and operate the indicating 
mechanism. 

In order to secure the average 
velocity of flow it is necessary to 
traverse the area in quest ion as in 
the use of a pitot tube, holding the 
anemometer for equal intervals of 
time at the different locations of 
the traverse. The difference of the 
final and the initial readings of 
the anemometer dial divided by the time required for the traverse 
gives the average velocity, in feet per unit of time involved, for their 
unrestricted inlets and outlets. When the traverse is made either at 
a duct air-intake opening or a duct air-outlet opening fitted with a 
grille, the volume of air flow is computed as indicated by equation 125.^ 



Fig. 232. Anemometer. 


Q = 


CV(A + a) 


(125) 


1 The Measurement of the Flow of Air through Registers and Grilles, by Lynn 
E. Davies, ASHVE Trans., Vol. 36, 1930. 
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where Q = air volume, cfm. 

C = constant from Table 91. 

V = velocity of flow as indicated by the anemometer and cor¬ 
rected by reference to the calibration data, fpm. 

A — gross area of the grille, sq ft. 
a = free area of the grille openings, sq ft. 

When the flow is inward through the griiie into the duct, during a 
traverse, the anemometer is placed with the edge of the protecting ring 
about the wheel against the grille face. For uutward flow, the ane¬ 
mometer is held at the difPei'eit ioc widens at a distance of 3 in. from 
the grille face. Values for the constant C are gwen in Table 91. 

TAJiLE 91 

Volume Coefficients C 


Average Velocity Average Velocity 

of Flow Indicated of Flow Indicated 


by Anemometer, 

Discharge 

Intake 

by Anemometer, 

Discharge 

Intake 

l^'pm 

Crilles 

Crilles 

Fpm 

Grilles 

Grilles 

150 

0.952 

0.993 

500 

0.985 

1.067 

200 

0.957 

1.005 

600 

0.992 

1.078 

300 

0.967 

1.028 

700 

0.998 

1.084 

400 

0.977 

1,049 

800 

1.000 



Whenever a velocity pressure, corresponding to a velocity of flow, is 
required, equation 122 is arranged as 



to give the velocity pressure. The units are the same as in equation 

122 . 

A more re(;ently developed instrument known as a vane anemometer 
or a velometer is valuable because it gives an instantaneous reading. 
This device, one form of which is illustrated in Fig. 233, consists of a 
delicately balanced and magneti(;ally stabilized vane within a case 
through which the air flows when it is pointed into the air stream. 
Velocities as low as 50 fpm may be measured, and attachments may 
be provided to adapt the instrument to the measurement of the flow 
of air in ducts. 

The hot-wire anemometer is still another instrument adapted to the 
measurement of air velocities ranging from 20 to 2000 fpm. In this 
instrument a constant current is maintained through a wire, and the 
observed temperature of the wire is a measure of the air movement 
when referred to the proper calibration data. An advantage of this 
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instrument is that it can be arranged so as to be free from directional 

effect. 



{Illinois Testinu Laboratories, Inc.) 

Fig. 233. Dctt;riniiiatioii of rcturn-grillc-face air velocity with a velomctcr. A 
change of tube tips permits the measurement of supply-grille air velocities. 


284. Fans. Air movement through heating, ventilating, and air- 
conditioning apparatus is usually accomplished through the use of 
a fan. In past years the centrifugal fan in several different designs 

has been used almost exclu¬ 
sively, but, because of certain 
advantages which will be dis¬ 
cussed later, the axial-flow type 
of fan is now gaining favor with 
the air-conditioning engineer. 

286. Centrifugal Fans. Cen¬ 
trifugal fans are made in two 
types, namely, (1) steel plate 
and (2) multiblade. Iilithertype 
or both types may be used where 
positive pressures are necessary 
and where gravity flow of air is 
not feasible. 

All centrifugal fans consist of 
a wheel which is rotated within a 



Fig. 234. Fan wheel and scroll. 


housing usually constructed of sheet metal. The housing of steel- 
plate and multivane fans is of a scroll shape, as in Fig. 234, that per¬ 
mits the air or gas to be carried away from the periphery of the wheel 
with slight disturbances and power losses. 
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Fan wheels have some sort of vanes or blades located at or near the 
wheel rim. The action produced by a wheel in rotation is secured as a 
result of the tendency of air, adjacent to the forward sides of the fan 
blades, to flow radially outward. This action is due to centrifugal 
force, and the air is discharged from the tips of the blades into the scroll 
of the housing. As a result of this movement a pressure less than 
atmosphere is produced at the center of the wheel, and a positive air 
pressure is built up in the scroll. Air or gas flows axially into the 
wheel to take the place of that discharged, '^-onsequently, not only 
may centrifugal fans be used lO exh? ust air or gases through a duct 
system attached to the fan-housing mlec, but also they may be made 



wheel. 


to discharge the same air or gases under several inches of water pres¬ 
sure through a duct system leading away from the housing scroll. 

286. Steel-Plate Fans. In fans of this type the wheels consist of one 
or two spiders, each having from 0 to 12 arms. Each pair of arms 
carries a flat steel float or blade of some radial length as in the typical 
wheel of Fig. 235. The wheel floats may be straight or curved either 
forward or backward, depending upon the operating characteristics 
desired. The blade curvature has a marked effect upon the perform¬ 
ance of a given type of fan. 

287. Multiblade Fans. Such fan wheels are built up of two or more 
annular rings with many narrow curved blades inserted between them 
as illustrated by Figs. 236 and 237. The blades may be curved either 
forward. Fig. 236, or backward. Fig. 237, depending upon the perform¬ 
ance characteristics desired. Multiblade wheels designed for high 
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speeds and pressures are reinforced by a number of annular rings, and 
the blades are made short laterally, in order to secure greater rigidity. 

Fans having wheels as shown by Fig. 238 are of the multiblade type, 
and the term conoidal is applied to the blades which are in the form of 
the surfaces of two tangent cones. This design gives the blade a for¬ 
ward curve at its inward edge and a marked backward curvature at 



Fig. 237. Backward-curved-blade fan 
wheel. 


Fig. 238. Conoidal double-inlet, double¬ 
width fan wheel. 


the periphery or exit edge. A blade producing desirable operating 
characteristics is secured which also has sufficient rigidity without the 
use of stiffening rings. 



Blade 



Fig. 239. Types of fan blades. 

288. Effects of Fan-Blade Shapes on Air Velocities. The effects of 
blade shapes upon the resultant velocity of air are indicated in Fig. 
239. The vector diagrams indicate velocities by the following sym¬ 
bols: blade-tip velocity Vt, velocity of the air flowing along the blade 
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face Vo, and the final resultant velocity of the air V. When all the 
wheels shown are operated with the same blade-tip speed the forward- 
curved blades give the highest and the backward-curved blades the 
smallest resultant air velocity. The resultant velocity of the air as it 
leaves the fan blades is of importance from the standpoint of operating 
speed and the noise which may be produced by the fan. Undue 
noise cannot be tolerated in many heating a>id aii-conditioning systems. 


Counter - ClockwiM Clockwisa 
Top Horizontal Top Horizontal 

Q 

Clockwise Counter > Clockwise 

Sottom Horizontal Bottom Horizontal 



CiKkwise Counter-Clockwiso 
Up Blast Up Btast 


Counter •Clockwise Clockwise 
Down Blast Down Blast 



Counter-Clockwise Cioek' » 


Top Angular Down Top An^jier Down 



Clockwise Counter • Clockwise 
Bottom Angular Up Bottom Angular Up 



Clockwise Counter - Clockwise 
Bottom Angular Down Bottom Angular Down 





PAN DISCHARGES. DIRECTION OF ROTATION AS VIEWED FROM THE DRIVE SIDE 



FOR BELT DRIVE 

Arr. 1. (Single-width fan with either 
overhung wheel or overhung pulley 
and twr) bearings. 

Arr. 2: Single-width fan with 
bracket bearing for overhung wheel 
and overhung pulley. 

Arr. 3: Single-width fan with over¬ 
hung pulley. Two bearings. 


FOR DIRECT-CONNECTED 
DRIVE 

Arr. 4: Single-width fan with ex¬ 
tended base. Wheel overhung on 
engine or motor shaft. 

Arr. 5; Single-width fan with ex¬ 
tended base and coupling. Bearing 
on the drive side. 

Arr. 6: Single-width fan with ex¬ 
tended base and coupling. Bearing 
on the inlet side. 

Arr. 7: Single-width fan with ex¬ 
tended base, two bearings, and 
coupling. 

Arr. 8: Single-width fan with ex¬ 
tended base and coupling. Similar to 
Arr. 5 except two bearings on pedestal 
for motor or drive and furnished with 
flexible coupling. 


Aurangement of Drive 

Fig. 240. Fan discharges and arrangements of drive. 


Backward-curved blades in fans permit high operating speeds without 
excessive noise and produce other desirable operating characteristics, 
such as high volumetric efficiencies and a wide range of capacity at 
constant speed with small changes in the power requirements. 

289. Fan Nomenclature. Fans of the steel-plate and multiblade 
types are designated according to (1) the number of inlets, single or 
double; (2) the width of the wheel, single or double; (3) the discharge, 
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top, bottom, vertical, horizontal, or angular; (4) the housing, full, 
seven-eighths, or three-quarters; and (5) clockwise and counterclock¬ 
wise rotation as viewed from the drive side. 

A full-housed fan is one in which the fan scroll is completely above 
the base upon which the fan rests, as illustrated by Fig. 234. Seven- 
eighths or three-quarters full-housed fans have the scroll extending 
below the top of the supporting base. More of the scroll is located 
below the base line in the three-quarters full-housed than in the seven- 
eighths full-housed fan. The standardized designations of the hand 

of a centrifugal fan and drive ar¬ 
rangements are shown in Fig. 240. 

290. Propeller and Disc Fans. 
Fans of these types have two or 
more blades mounted on the hub of 
the wheel, Fig. 241. The blades 
extend outward radially from the 
hub and are set at an angle with the 
longitudinal axis of the wheel shaft. 
Such fans are used with some unit 
heaters and coolers for forcing air 
over coils and moving it into the 
space served. Many propeller and 
disc fans will not handle air against 
much resistance. This fact, when 
such is the case, makes them unsuit¬ 
able for systems having ducts, grilles, heaters, coolers, aii- filters, and 
air washers. Airplane-type propeller fan wheels can be used with 
some duct systems. 

All propeller and disc fans have a place in the removal of air from 
spaces when the fan unit can be placed in an opening in the wall, and 
discharge of the air is made to the outside without a duct. One objec¬ 
tion to some disc and propeller fans is the noise they make at high 
speeds. 

291. Axial-Flow Fans. In recent years certain fan manufacturers 
have developed a special type of propeller fan which is adapted to the 
movement of large volumes of air against considerable frictional 
resistance. Fans of this type have large hubs and short blades of 
special air-foil shape and are designated as axial-flow^’ to distinguish 
them from the earlier propeller and disc types. Figure 242 shows an 
illustration of such a fan provided with stationary vanes in the outlet 
to prevent rotational flow of air in the discharge duct. The fan shown 
also includes a provision for resetting the blade angles after installation 



{American Dloxoer Corp.) 
Fig. 241, Disc fan. 
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as a compensation for either miscalculation of the resistance to air¬ 
flow or poorly installed duct work. 

The axial-flow type of fan should be considered in selecting an air¬ 
propelling unit for an air-conditioning system, as certain types are 
now available which are capable of delivering any required volume 
of air against static pressures up to 9 in. of water while operating at 
efficiencies and noise levels that compare favo»’ably with the corre¬ 
sponding characteristics of centrifugal fans. This type of fan, because 



{Joy Manufaclurtny Co.) 

Fig. 242. Axial-flow fan with adjustable blades. 


its discharge opening is in line with its entrance, offers the advantage 
of a simplified duct arrangement in the fan room. This advantage is 
of especial importance where space is valuable or when a large fan is 
to be placed in a room having a low ceiling. 

292. Total-Pressure Difference Developed by a Fan. Fans operate 
with the gases handled arriving at the inlet to the fan housing under 
atmospheric pressure when no inlet duct is used and at pressures less 
than atmospheric when exhausting through an inlet duct. Certain 
types of blowers such as gas boosters have pressures greater than 
atmospheric in the inlet duct to the blower or fan. 
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If the fan has no suction duct the entry losses to the fan housing are 
considered as part of the fan losses and are reflected in the mechanical 
efficiency of the fan. If the fan has no discharge duct leading away 
from its outlet the discharge static pressure is zero, and the total 
pressure at the discharge outlet is equal to the average velocity pressure 
at the fan outlet. In any event, the average total-pressure difference 
(total pressure) created by a fan is the average total pressure at the 
fan outlet minus the average total pressure at the fan inlet. 

Example. A fan having no inlet duet discharged air into a duct at 1.00 in. of 
water static pressure and an average velocity pressure of 0.1.5 in. of water. Find 
the total pressure difference developed by the fan. 


Solution. 


hr ^ [1.00 + 0.1.5] - 0 

= 1.15 — 0 = 1.15 in. of water 


Example. A fan maintained at its outlet an average static pressure of 1.25 in. 
of water with an average outlet velocity pressure of 0.35 in. of water. In the suction 
duct near the fan inlet the static pressure was —1.25 in. of water and the velocity 
pressure was 0.25 in. of water. Find the total-pressure difference developed by 
the fan. 

Solution. 

hr = [1.25 -f- 0.351 - [-1.25 + 0.25] 

= 1.60 -h 1.00 = 2,60 in. of water 

Example. A blower received gas at +0.25 in. of water static pressure and a 
velocity pressure of 0.35 in. of water in the inlet duct. The discharge static pres¬ 
sure was 15 in. of water with a velocity pressure of 0.75 in. of water. Find the 
total-pressure difference produced by the blower. 

Solution. 

hr = [15.0 + 0.75] - [0.25 + 0.35] 

= 15.75 — 0.60 = 15.15 in. of water 


293. Fan-Air Discharge. The volume of gas flowing is equal to the 
product of the duct section in square feet and the average velocity of 
flow at that section. 

Q = Ava (127) 

where Q = cu ft discharged per sec. 

A = duct cross-section area, sq ft. 

Va = average velocity of flow, fps. 

294. Fan-Air Horsepower. The power output of a fan is expressed 
in terms of air horsepower (ahp) and represents work done by the fan. 
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ahp 


Wall 

33,000 


(128) 


where Wa = weight of air handled per minute, Ih. 

7/ = total head against which the fan works, ft of air. 


In terms of the volume of air handled and the total pressure difference 
created by the fan, 


ahp — 


QXeOXhrX i u, 
12 X 33,000 


(129) 


where Q = volume of air handled, cff 

hr = total pressure difference created by the fan, in. of water. 
dyj = density of one cubic foot of water at the temperature of 
the gage fluid, To. 

Example. A fan, having a free inlet, discharges 24,000 cfm through its outlet 
of 12.6 sq ft area and maintains a static pressure of 5 in. of water. The air tem¬ 
perature is 70 F, and the barometric pressure 29.92 in. of mercury. Find the air 
horsepower developed. 


Solution. 


Va 


24,000 
12.6 X 60 


= 31,8 fps 


I2vjd 

2JJ 


12 X 31.82 X 0.075 
2 X 32.16 X 62.3 


0.226 in. of water 


hr = hs hm = 5. + 0.226 = 5.226 in. of water 


ahp 


24,000 X 5.226 X 62.3 
12 X 33,000 


19.8 


296. Fan Efficiencies. The ratio of the air horsepower output to the 
driving power (brake horsepower) required at the fan shaft expresses 
the mechanical efficiency of the fan. 


Fan mechanical efficiency. 


— 


Air horsepower 
Horsepower input 


X 100 (130) 


The air horsepower is a function of the static pressure developed by 
the fan and of the velocity pressure at the fan discharge. The velocity 
pressure is, however, not entirely useful in overcoming frictional 
resistance, as some of it is converted to heat because of turbulence, 
and some of it is discharged from the system as kinetic energy in the 
leaving air streams. Therefore a method of calculating the efficiency 
based on the static pressure only is often used in reporting fan per¬ 
formance. This static efficiency eg is the mechanical efficiency 6^ 
multiplied by the ratio of the static pressure to the total pressure. 
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e. = X r (131) 

ht 

The mechanical efficiencies of steel-plate fans range from 40 to 60 per 
cent while those of multiblade-centrifugal or axial-flow fans range 
from 50 to 90 per cent. Disc- and propeller-type fans operate at 
efficiencies approaching 100 per cent when the resistance to air flow 
is small, but the efficiency decreases rapidly as the resistance is 
increased. Inasmuch as the mechanical efficiency as given by equa¬ 
tion 130 is based upon the air horsepower which in turn is based upon 



{From ''Heating Ventilating Air Conditioning Guide 19^7'' Ueed by permission.) 

Fia. 243. OponitiiiK characteristics of a fan with blades curved forward. 

the total pressure, this performance characteristic is often referred to 
0,8 the total efficiency to distinguish it from the static efficiency. 

296. Fan Performance. Fans should be tested according to the 
Standard Test Code for Centrifugal and Axial Fans adopted by both 
the National Association of Fan Manufacturers and the American 
Society of Heating and Ventilating Engineers. The conditions under 
which the capacities are to be given involve standard air weighing 
0.075 lb per cu ft. 

Centrifugal and axial fans are arranged for blowing tests by setting 
them up without a duct connection at the inlet and with a discharge 
duct having a uniform cross-sectional area equal to that of the fan 
discharge outlet and not less than 10 duct diameters in length. When 
a transformation piece is used at the fan outlet to change the shape of 
the section from rectangular to round the greatest angle between the 
longitudinal axis of the duct and any element in the sides of the adapter 
is not to be more than 7 deg. 
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Pressure measurements are made at a point not less than three- 
fourths of the duct length away from the fan outlet. The duct outlet 
is arranged so that different amounts of opening ranging from 0 to 
100 per cent may be had. Fans under test are first operated at con- 



Fig. 244. Operating characteristics of axial-flow airfoil-type fan. 



Fig. 245. Operating characteristics of a fan with blades curved backward. 

stant speed and data taken with the percentages of the duct opening 
ranging from 0 to 100 per cent. The taking of such data permits the 
development of characteristic curves similar to those of Figs. 243, 
244, and 245. The maximum efficiency of a fan occurs when operated 
at constant speed at some duct opening between 0 and 100 percent. 
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The several manufacturers of fans have different methods of plotting 
the characteristic curves and care must be taken to ascertain how the 
material is presented. Thus the characteristic curves may be plotted, 
as shown in the above-mentioned figures, with the percentage of wide- 
open volume as abscissa and the percentages of blocked-tight pressures, 
maximum brake horsepower, and efficiencies as ordinates. Again, 
the curves may be the same as the foregoing except that the percent¬ 
ages of the duct opening are used as abscissas. Percentages of air 
flow with 100 per cent duct opening and percentages of duct opening 
are not the same, as the flow of air in a duct with a fixed fan speed and 
50 per cent duct opening is not one-half the flow at 100 per cent duct 
opening. 

It may be noted from Fig. 245 that centrifugal fans having back- 
ward-curved blades require maximum brake horsepower when the 
volume handled is intermediate between zero and that for wide-open 
conditions. It may also be noted from Fig. 245 that the operating 
condition which reejuires the maximum brake horsepower is close to 
the combination of volume and static pressure under which the fan 
operates most efficiently. Fans of this type are said to have a non¬ 
overloading power characteristic which means that the driving motor 
cannot be overloaded if the fan and motor are properly selected. 
Axial-flow fans also have non-overloading power characteristics (see 
Fig. 244), but centrifugal fans whose blades are tipped forward require 
an ever-increasing amount of power as the volume is increased from 
zero to that flowing under wide-open conditions (see Fig. 243). How¬ 
ever, this type of centrifugal fan provides greater static pressure for 
a given blade-tip velocity than the other types which have been dis¬ 
cussed and is commonly used in air-conditioning systems in spite of 
the disadvantage which has been mentioned. Changes in a system 
which might reduce its overall resistance to flow should be made with 
caution when a fan of this type is included, as such a change may 
result in a serious overload on the driving motor. 

297. Effect of System Resistance on the Volume Delivered by a 
Fan. When a fan is in actual operation as part of an air-handling 
system the static pressure it develops must be the same as the resist¬ 
ance of the attached system. The resistance of any fixed system varies 
nearly as the square of the flow and may be represented as a curve in 
which the static pressure necessary to overcome it is plotted against the 
volume handled. Curve A of Fig. 246 may be assumed to show the 
resistance of a certain system for varying amounts of flow. Such a 
curve may be referred to as a system characteristic. Curve 1 may 
be assumed to show the static pressure which a certain fan is capable 
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of developing with the same variation in air volume when operated 
at a certain speed. 

It may be assumed that the fan whose static pressure characteristic 
at a certain speed is curve 1 becomes part of a system whose resistance 
characteristic is curve A. When the fan is put into operation the 
resistance of the system will increase with increase in air volume, 
along curve A, until this curve intersects curv^e 1. At this point the 
resistance of the system is equsl to the static pressure which the fan 
is capable of producing, and the flow becomes stabilized at the amount 
X on the volume scale directly 
below the intersection. If the 
resistance of the system should 
be increased by the partial 
^•logging of a filter, the sys¬ 
tem characteristic might be 
changed from curve A to 
curve B in which case the 
volume delivered would be 
reduced from amount X to 
amount Y. It would be 
possible to maintain volume 
X against the increased resist¬ 
ance of the system represented 
by curve B by increasing the 
fan speed so as to change the 
curve 1 to curve 2, provided that the motor were capable of deliver¬ 
ing the increased power requirement. At the increased speed this 
fan would handle the volume represented by the point Z if the filter 
were cleaned or replaced so as to return the system resistance to that 
represented by curve A, 

298. Fan Tables. Fans are also operated at a constant static pres¬ 
sure at variable speeds to give several capacities with differing power 
requirements. The usual tabular data relative to the performance of 
a given size of a centrifugal fan, as indicated by the builder, are similar 
to those of Table 92. The operating data for maximum efficiency are 
usually designated in some way, either by bold-faced type, italics, or 
underscoring. 

Table 93 gives similar data in abridged form for nine different-sized 
fans of the same type. The data in Table 93 were selected from tables 
of the form of Table 92 and show, for each fan and each static pressure, 
only the volume of air which can be delivered most efficiently. The 
outlet velocity, the required fan speed, and the required brake horse- 



Fig. 246. Operating characteristics of a 
fan and duct system. 

fan static pressure characteristic from 
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with overhung pulley for belt drive. Other arrangements are available in this manufacturer's line of fans. 





FAN TABLES 


415 


TABLE 95 


Ratings op Direct-Connected Type-B Vaneaxial Fans, Arrangement 4* 


Fan 

Size 

Speed, 

Rpm 

Motor 

Size, 

Hp 

Capacities at Various Static Pressures, Cfm 

Free 

De¬ 

livery 

T-In. 

^-In. 

X“Ir 

1-In. 

1-T 

Ill. 

If 

In. 

It- 

In. 

2.1n. 

15 

18 

1750 

i 

2,820 

2,330 

2,220 

! 





1750 

f 

4,860 

4,6401 

4,300 

;i.74o 

2,900 





21 

1750 

1150 


7,740 

6,060 

7,480 

4,600 

1 ' 

7,140 

3,600 

6,650 

1 

6,000 

5,280 




24 

1750 

3 

11,540 

11,270 

10,910 

10,450 

9,840 

9,150 

8,230 




1150 

i 

7,660 

7,060 

6,200 







28 

1750 

H 

i 8,300 

17,950 

17,600 

17,170 

16,650 

15,950 

15,150 

14,370 

13,300 


1150 

il 

12,000 

11,500 

10,670 

9,500 

7,800 





32 

1150 

3 

17,850 

17,300 

16,500 

15,450 

14,000 

12,050 





860 


13,320 

12,460 

11,000 

8,260 

_ 1 





36 

1150 


25,500 

24,870 

24,100 

23,100 

21,700 

20,000 

18,000 




860 

3 

19,050 

18,200 

16,700 

14,500 






42 

1150 

15 

40,700 

40,000 

39,100 

38,100 

36,800 

35,300 

33,400 

31,300 

38,900 


860 

5 

30,400 

29,400 

27,700 

25,600 

23,000 

19,650 




48 

860 

10 

4S,wo 

44,£00 

4S,0£0 

41,000 

38,400 

35,350 

31,500 




690 

5 

36,300 

34,750 

32,700 

29,300 

24,400 





54S 

860 

15 

57,000 

54,700 

52,300 

50,000 

47,500 

45,000 

42,100 

39,100 

35,800 


690 

7i 

45,500 

42,800 

40,000 

36,700 

33,200 

28,900 

24,000 




* Buffalo Forgo Co. 

Note. Horsepowers given indicate size motor suitable for 70 F., 29.92-in. Bar. 
conditions. Ratings in heavy type are for quiet operation, light type for moder¬ 
ately quiet operation, and italic type for industrial applications only. Ratings 
are based on tapered cone outlet. Without cone, cubic feet per minute will be 
reduced approximately 4 per cent with same speed and static pressure. 

power are also given. Fans of this type are available in fractional sizes. 
Information relative to the physical dimensions of the fans listed in 
Table 93 is given in Table 94. 

The data of Table 95 are for several different sizes of axial-flow fans. 
The fans for which data are included are arranged for direct connection 
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to the driving motor and the fan speeds tabulated for each fan are 
the full-load speeds of commercial 60-cycle polyphase induction motors. 
Figure 247 includes dimensions and physical data for the fans listed 
in Table 95. 


<7-Number of outlet cone 
iC-cIia. nole^A Dimensions same 
I as for inlet 

l*~ -1' 

u // I (Access i! /yi^ 
///• I ij door, 

C-j Itil M 


i?-Total foundation holes 

S-Dia. holes Grease tubes omitted on 

me ^ J-Number of motors with pregreased 


^ J-Number of 
j/C-dia. holes 


Total length of unit equals 
sum of A plus £ or T or , 
as required on order 


Air.flowl I 

t liii iiiiHl- 


1 nrr; 1! 



iHi 


Ui5.'‘?4sL,- 


^ Supporting legs 


Note, 42 to 54 fans also 
have foundation bolt holes on q 



BIIBlBflE 









(Buffalo Forye Co.) 

Fig. 247. Dimensions in inches and physical data for type-B vaiieaxial fans 

(arrangement 4). 


299. Laws of Centrifugal Fan Performance. Centrifugal fans are 
subject to certain physical laws. For a given fan size, duct system, and 
air density: 

1. The capacity varies directly as the speed ratio. 

2. The static pressure varies as the square of the speed ratio. 

3. The speed and capacity vary as the square root of the static 
pressure ratio. 

4. The horsepower varies as the cube of cither the speed or the 
capacity ratio. 

5. The horsepower varies as the f power of the static pressure ratio. 












DUCT FRICTION 


417 


6. The air velocity varies directly as either the speed or the 
capacity ratio. 

As an explanation of the above statements, for the conditions speci¬ 
fied, if the speed of a given size of fan is doubled the speed ratio becomes 
2. The capacity of the fan will be doubled, the static pressure becomes 
4 times as great, and the horsepower requirements to drive the fan are 
8 times those before the speed was double i 

For conditions of constant static pressure at the fan outlet the fol¬ 
lowing laws hold: 

7. The capacity and the horsepower vary as the square of the 
wheel diameter ratio. 

8. The speed \ aries inversely as the wheel diameter ratio. 

9. With a constant static pressure the speed, the capacity, and the 
horsepower vary inversely as the square root of the ratio of the air 
densities. 

10. At constant capacity and speed the horsepower and static pres¬ 
sure vary directly as the ratio of the densities of the air. 

With reference to item 9, if a fan is to deliver air against a static 
pressure of one inch of water with air at a density of 0.068 lb per cu 
ft, the speed, the capacity in cubic feet per minute and the brake 
horsepower are greater than when the density of the air is standard 
(0.075 lb per cu ft). In order to maintain a specified static pressure 
the fan must run faster, handle a greater quantity of air measured in 
cubic feet per minute, and be supplied with a greater amount of power 
when the air has a lessened density. Since the foregoing items all 
vary as the square root of the inverse density ratio, the multiplier 
for the table values to convert them to the actual condition of opera¬ 
tion becomes da = a/o.075 0.068 = 1.11 = 1.054. 

300. Duct Friction. The frictional resistance offered to the flow 
of air in ducts is dependent upon the velocity of air flow; the nature of 
the duct surfaces; the density of the air; the length of the duct and its 
bends, changes of section; and the periphery of the duct and its cross- 
sectional area. The cross-sectional shapes of ducts in the order of 
desirability from the standpoint of frictional losses are: circular, square, 
and rectangular. Wherever rectangular ducts arc used the ratio of 
the width to the depth should be kept as low as possible, or the ratio 
of the periphery of the duct to its cross-sectional area should be 
minimized. 

A commonly used equation to express the friction losses in a duct is 




( 132 ) 
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where h/ = friction losses, in. of water. 

/ = friction factor, dimensionless. 

L = length of the duct, ft. 

R = perimeter of duct, ft. 

A = cross-sectional area of duct, sej ft. 

V = velocity of flow, fps. 

dw = density of water at the temperature of the gage fluid, lb 
per cu ft. 

da = density of the air flowing, lb per cu ft. 

g = acceleration due to gravity, 32.10 ft per sec per sec. 

The friction factor / is dependent upon the roughness of the duct 
and the velocity of air flow, being greater at extremely low velocities 
than at higher velocities of flow where it becomes more nearly constant. 
An average value for commercial ducts fabricated from steel sheets 
and having both longitudinal and girth seams may be taken as 
0.00555. 

Various charts are in use for estimating the friction losses in ducts. 
Figure 248 illustrates a chart which gives the friction losses per 100 ft 
for clean round galvanized metal ducts having approximately forty 
joints per 100 ft. Friction loss per 100 ft. of duct as read from Fig. 
248 will not always check with that calculated for the same length of 
the same duct by the use of formula 132, as the chart is not based on 
a constant value for /. The chart is for air at 69.41 F and 29.92 in. 
of mercury absolute pressure having a density of 0.075 lb per cu ft. 
When air of greater or less density is handled the chart is used as 
though the volume were at 69.41 F and 29.92 in. of mercury, and the 
friction loss as given by the chart is corrected by multiplying it by the 
ratio of the actual density of the air handled to 0.075. For the average 
application, values obtained from the chart are sufficiently accurate 
without correction for any air temperature between 50 F and 90 F, 
for any relative humidity, and, except for cities at a high elevation 
above sea level, for any normal variation in barometric pressure. 
The chart should not be used to obtain values below those shown, by 
extrapolation, because critical flow would occur in this region, and the 
data would be unreliable. For unusually rough pipes, information 
beyond the scope of this book should be sought, as the friction loss 
may be more than double that obtained by use of the chart. 

The friction losses of a rectangular duct may be calculated by means 
of equation 132, provided that a suitable value of / is available. When 
the data of Fig. 248 are to be used in connection with a rectangular 
duct it is first necessary to determine the equivalent diameter, in 
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* Additional sizes: 4X5 = 4.9, 4X6 = 5.4, 4X7= 5.8, 5 X 5 — 5.5, 5 X 6 — 6.3, and 5 X 7 — 6.5. 
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inches, of a round duct having the same friction losses per foot of 
length. Such data are given in Table 96. When the circular-duct- 
diameter equivalent d of a rectangular duct whose dimensions a and 
6 are not included in Table 96 is to be determined, use may be made 
of equation 133. 

(133) 

Equation 133 is derived from equation 132, and d, the equivalent diam¬ 
eter, is in either feet or inches, depending upon the dimensional units 
used. The assumption is made that /i/, /, and Q, the air flowing 
in cubic feet per second, are the same in both the circular and the 
rectangular duct under consideration. The friction losses in a duct 
represent static pressure which the fan must create and which is 
used up as the air flows. 

301. Effect of Entrance, Elbows, and Changes of Duct Section on 
Friction and Turbulence Losses. Air entering a duct from an enlarged 
distributing chamber, plenum chamber, or from the outside air occa¬ 
sions a loss of pressure which is known as an entrance loss. The 
entrance loss is greatly affected by the shape of the entrance and may 
be anywhere from 0.1 to 0.9 of the velocity pressure K of the air 
flowing in the duct. A bell-mouthed entrance offers the minimum 
resistance, whereas the entrance loss is the greatest when the pipe 
extends through the wall of the plenum chamber. When louvers 
are used the total entrance loss will usually be between 1.25/?^ and 
2.0/iv, depending upon the design. Here is based on the free area 
velocity through the louvers. Common practice is to use 1.6hv as 
the entrance loss where the inlet to the system is equipped with 
louvers. Pressure losses in elbows are also important and should 
be taken into account in the design. The pressure losses due to elbows 
are dependent upon the shapes of the duct sections, their radii of 
curvature, and the velocities of flow. The effect of elbows may be 
allowed for by adding to the straight length of pipe an equivalent 
length as an allowance for each elbow. These allowances expressed 
as some multiplier times the duct diameter or width, in feet, are 
dependent upon the ratio of the radius of curvature to the duct diam¬ 
eter or width. 

Figure 249 gives three curves which may be used as an indication 
of the number of duct diameters or widths that should be added to the 
length of straight duct to allow for the friction loss in each elbow in 
the system. The curves may be used for either round or rectangular 
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ducts. Curve A should be used if the quality of construction is 
questionable, even if the elbow is type B or type C. It may be noted 
from the curves in Fig. 249 that little advantage is to be gained by 
using a centerline radius that is greater than 2 times the duct diameter 
or width, but whenever possible the ratio of centerline radius to duct 
diameter or width should be at least 1 and preferably 1.5. 

Where space considerations make it ne^M^ssaiy to use short radii or 
miter elbows in rectangular or square-duct work, pressure losses may 
be greatly reduced by the use of turning vanes as shown in Table 97. 



Center-line radius in per cent of pipe diameter or width 

{From “ Heating Ventilating Air Conditioning Guide Used by permission.) 

Fio. 249. Straight-pipo equivalents of elbows for equal frietion losses. 

Another method of allowance is to express the loss of pressure in an 
elbow or other obstruction in terms of the velocity head existent in 
the elbow. Table 98 gives data for the multipliers of the actual 
velocity pressures of elbows which are used to express the pressure 
losses in inches of water. 

Turbulence losses will occur wherever the cross-sectional area of the 
duct is changed^ and may amount to as much as 60 per cent of the 
change in velocity pressure unless the two different sized parts of the 
system are connected by a gradually tapered transition section. 
Therefore, abrupt changes in area or in shape should be avoided in 
air duct design wherever possible, and where such changes cannot be 

* ‘‘Pressure Ijosses Due to Changes in the Cross-Sectional Area in Air Ducts,” 
by A. P. Kratz and J. R. Fellows, University of Illinois Engineering Experiment 
Station Bulletin 300. 
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TABLE 97* 

ErrECT OF Vanes on Pressure Loss of 7-in. Sq. Vbntiiating DucTf 



‘From “Heating Ventilating Air Conditioning Guido 1948.” Used by per- 
mission. 

t For more complete data see ASHVP] Research Report 1216, “Fjffect of Vanes 
in Reducing Pressure Loss in Elbows in 7-Inch Square Ventilating Duct,” by M. 
C. Stuart, C. F. Warner and W, 0. Roberts (A^HVE Trans, 1942. Vol. 48.) 

Note A: Vane A made up of a large number of small splitters; B made up of a 
small number of large splitters bent on a large radius; C hollow vanes having dif¬ 
ferent outside and inside curvature; and D four splitters with R/W =0.4. Elbow 
same as D except 2 in. trailing edge on the end of each splitter, ELD in feet = 17.0. 

Note B: The air velocity has no effect on the loss of elbows when the loss is 
expressed as equivalent length of duct. 


TABLE 98 


Multipliers of Velocity Pressure for Estimating the Pressure Losses in 
Elbows of Circular and Rectangular Cross Section 


Ratio of 

Elbows of 


Ratio of 

Elbows of 


Centerline 

Circular 

Elbows of 

Centerline 

Circular 

p]lbows of 

Radius to 

Cross 

Rectangular 

Radius to 

Cross 

Rectangular 

Diameter or 

Section, 

Cross 

Diameter or 

Section, 

Cross 

Width of 

Diameter 

Section, 

Width of 

Diameter 

Section, 

Duct 

= D 

Width 

Duct 

= D 

Width = W 

0 

0.87 

1.2 

1.25 

0.20 

0.12 

0.25 

0.81 

1.1 

1.50 

0.17 

0.09 

0.50 

0.76 

0.95 

1.75 

0,16 

0.08 

0.75 

0.38 

0.33 

2.00 

0.15 

0.08 

1.00 

0.26 

0.18 

2.25 

0.14 

0.07 
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avoided proper allowance for the turbulence loss occurring in them 
should be made. 

The following allowances of Table 99 may be used, when branches 
are taken from a main duct, as entry losses into the branches and also 
for Ooher resistances to flow. 

TABLE 99 

Multipliers of Velocity Pressure for Esti\i\ting Entry Losses 
AND Resistances to Am Flow 


Obstruction 


Multiplier 

Obst?u(‘tion 

Multiplier 

Entrance to branch 

1 15° 

0.10 

\ X, hy 

Abrupt entiiince 

0.45 to 0.87 

taken at an angle | 

l30“ 

0. le 

1 

Coned entrance 

0.23 

from the center line I 

[4.5° 

0.73 

1 

Registers. Free 


of the main ductJ 


0.45 

/ branch 

area = ^ gross 

1.25 to 1.5 

Square tee at end of tluct 


l.O 

area — area of duct 

h„ in free area 


302. Types of Duct Systems. There are two schemes for the place- 
ment of air distributing ducts, namely, the individual and the trunk- 



Fig. 251. Trunk duct system. 
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line systems. The individual system, Fig. 250, provides a separate 
duct to each room from a common plenum chamber into which the 
fan discharges. The trunk-line system, Fig. 251, has one or more 
main ducts from which branches are taken to serve the various spaces. 

The design of either system may be based on the quantities of air 
to be handled and the allowable velocities with which the air may flow 
in the various sections of the system. Recommended velocities of 
air flow in different portions of the system are as given by Table 100. 

TABLE 100 

Air Veix>oities for Ducts and Risers 

Feet per Minute Feet per Minute 



Public 

Industrial 


Public Industrial 

Service 

Air intakes 

Buildings 

Plants 

Service 

Branch ducts 

Buildings Plants 

from the 
outside 

600 to 900 

1000 to 1200 

and risers 

500 to 600 900 to 1800 

Air washers 

Heater con¬ 

500 

500 to 600 

Supply regis¬ 
ters and 
grilles 

Supply open¬ 

250 to 450 

nections t<3 
fan 

700 to 900 

1000 to 1400 

ings 

Supply grilles 

350 to 500 

Main ducts 

1000 to 1500 

1200 to 2400 

near the 
floor 

150 to 250 


This scheme of design makes the calculation of the pressure losses 
in the separate parts of the system laborious as the friction losses arc 
not constant when the ducts are proportioned on the basis of allow¬ 
able velocities of flow. The easier method of sizing the ducts of a 
system is to determine the size of the last outlet of a duct on the basis 
of the allowable outlet velocity and the quantity of air to be handled. 
From the size so determined and the quantity of air discharged the 
friction losses per 100 ft of duct may be ascertained and the system 
designed using this value as the constant friction pressure loss. When 
the design is so made, the velocities of air flow are not uniform but 
are greatest near the fan outlet. 

With either the individual or the trunk arrangement of ducts the 
fan must create enough pressure to discharge the air with the required 
quantity and velocity at the outlet farthest removed from the fan or 
the outlet which has the greatest resistance to flow between it and the 
fan. This usually but not always means the longest run of duct. 
The other ducts are either so proportioned that the available head is 
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used up within them or they are dampered to give additional resistance 
so that the proper quantity of air will pass through them. 

303. Trunk-Duct Design Procedure and Fan Selection. The system 
should be laid out to deliver the air with the least expenditure of 
power, materials, and space, keeping the design simple and avoiding 
obstructions. Sharp elbows and bends are to be avoided, and the 
arrangement of the duct outlets should be ^uch as will insure the proper 
distribution of air. The size ot each outlet should be based on the 
quantity of air to be delivered and a suitable outlet velocity. Either 
the velocity method or the trietiou-pressurc-loss method can be used 
in proportioning the duct sizes. he latter method is the simpler 
and more satisfactory. After the sizing of the ducts is completed, 
the static pressure against which the fan must operate should be cal¬ 



culated. The following will serve to illustrate the layout of a duct 
system by the friction-pressure-loss method. 

Example. A fan discharges air through a system of circular ducts, as shown by 
Fig, 252, at an average temperature of 130 F at the outlets when the barometric 
pressure is 29.92 in. of mercury. The building heat losses are 330,800 Btu per hr 
when the air of the space is maintained at 60 F. The quantities of air delivered at 
the outlets are as indicated by Fig. 252. The outlet air velocities are approxi¬ 
mately 800 fpm. All outlets are to be dampered to control the amount of air 
flowing. The ratio of the elbow radius to the duct diameter is 1.5. The actual 
friction losses at the heater and the fan inlet are 0.388 in. of water. Find the 
sizes of the duct and select a fan. 

Solution. The weight of air handled per hour is 330,800 -5- 0.24 (130-60) * 
19,690 lb, and the volume of the air as delivered is 19,690 (60 X 0.06729) ■» 

4875 cfm at 130 F. The sizes of the duct outlets are: 

A, (1500 X 144) 800 = 270 sq in. or 18.5 in. diameter 

B and C, (1260 X 144) -5- 800 » 226.8 sq in. or 17 in. diameter 
D, (855 X 144) -5- 800 = 154 sq in. or 14 in. diameter 

The friction-pressure-loss chart, Fig. 248, shows that a duct 14 in. in diameter hand¬ 
ling 855 cfm at 69.41 F will have friction-pressure losses amounting to 0.067 in. of 
water per 100 ft of run. Considering this value a constant friction loss, the sizes 
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of the other portions of the main duct are determined to be as indicated in the 
following table: 


Section 

Cubic Feet 
per Minute 

Duct 

Diameter, 

In. 

Velocity of 
Air Flow, 

Ft per Min 

Length of 
Duct Section, 
Ft 

4 

855 

14 

800 

60 

3 

2115 

20 

970 

30 

2 

3375 

23.5 

1120 

40 

1 

4875 

27 

1225 

50 





Total 180 ft 


The actual friction pressure losses in the duel length of 180 ft are 


0.067 X 180 0.06729 

l66 ^ 0.075 


0.108 in. of water 


The velocity pressure in the elbow of section 4 and at the outlet of section 4 is 
(13.2'^ X 12 X 0.06729) 4- (2 X 32.16 X 62.3) = 0.036 in. of water. The pres¬ 
sure loss in the elbow of section 4 equals 0.036 X 0.17 = 0.006 in. of water. The 
total pressure loss in the discharge duct = 0.108 -h 0.006 = 0.114 in. of water. 
The total resistance of the system = 0.114 -f 0.388 = 0.502 in. of water. This is 
also the static pressure against which the fan must operate. 

The volume of air handled under actual conditions is 4875 efrn at 130 F and 
29.92 in. of mercury. Under rating conditions the fan would have to handle 
4875 -5- V^O.075 -4- 0.06729 = 4875 1.06 = 4600 cfm (fan law <J). Table 93 

docs not include a combination of a static pressure of 0.5 in. and a volume of 4600 
cfm. However, the table indicates that fan 2 will deliver 3784 cfm of standard 
air against -g- in. of static pressure when operated at a speed of 294 rpm. Under 
operating conditions with air density = 0.06729 lb per cu ft the fan would deliver 
3784 X 1.06 = 4020 cfm against 0.5 in. static pressure and would require a spiMul 
of 294 X 1.06 = 312 rpm and 0.50 X 1.06 = 0.53 blip to driv(^ it. Since the 
volume required is 4875 cfm the speed will have to be increased. The required 
speed is 312 X 4875 4- 4020 = 378 rpm (fan law 1), the available static pressure 
is 0.5 X = 0.736 in. of water (fan law 2), and the required horsepower is 

0.53 X (fan law 3). It is pos.sible that examination of a more 

(!omplete table showing data for the fractional sizes which have been mentioned 
would disclose a fan whose static-pressure characteristic is better suited to this 
particular application. It is also possible that examination of tabular data for a 
line of fans made by some other manufacturer might disclose a fan which would 
more nearly provide the exact combination of volume and static pressure that is 
needed in this installation. It may bo noted from a study of Table 95 that axial- 
flow fan size 18, when operated at 1750 rpm, ivill deliver 4300 cfm of standard air 
against i-in. static pressure and requires approximately 0.75 bhp. Under oper¬ 
ating conditions this fan would deliver 4300 X 1.06 = 4560 cfm when operated 
at 1750 X 1.06 = 1855 rpm and when supplied with 0.75 X 1.06 = 0.795 bhp. 
The actual speed required would be 1855 X * 1980 rpm, and the required 
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horsepower would be 0.795 X = 0.966. This fan is therefore capable of 

meeting the requirements of this system, but it would require slightly more power 
than would be required by the number 2 fan selected from Table 93. A practical 
difficulty in using one of the axial-flow fans for which data are listed in Table 95 
is that they are direct connected to constant-speed motors so that the speed could 
not be changed to meet the exact delivery that was specified. Therefore, if the 
exact requirements as to volume delivery are to be met, the choice from all the 
tables available in this text is the runiber 2 fan from '^ahle 93. 

In the system of the foregointr example, part of the velocity pressure 
of the air at the fan outlet would be converted into static pressure 
because of the reduction in velocity as the main stream flows from the 
fan to the discharge end of secd*^n 4 '"'he theoretical maximum static 

pressure regain in such a system is the difference between the velocity 
pressures at the fan discharge and that in section 4. The theoretical 
maximum regain never occurs in practice because of turbulence losses 


—L 

Grooved Standing S 

seam seam slip 

“13 "T -A- 

Double Pittsburgh Bar Reinforced Pocket Angle 
seam seam slip b^r slip slip connection 

{From “ Heating Ventilating Air Conditioning Guide 1948.” Used by permission.) 

Fig. 253 . Forms of scams and joints in sheet-metal duct construction. 

as the velocity of the air is decreased. Some designers recommend 
that the required static pressure be taken as the estimated friction 
loss in the entire system minus one-half the theoretical maximum 
static-pressure regain. However, it is the usual practice to neglect 
conversion of velocity pressure to useful static pressure and select fans 
on the basis of required fan static pressure being equal to the sum of 
all of the estimated friedion losses. 

304. Air-Duct Construction. All duct construction should be as 
smooth as possible where the air passes over its inner surfaces. The 
ducts should be airtight and rigid to prevent vibration of the sheets 
when constructed of galvanized sheet steel. Gages of sheet steel are 
given in Table 101. 

Figure 253 shows several methods of joining two edges in duct con¬ 
struction. Straight sections of round duct are usually formed by 
rolling the sheets to the proper radius and joining the two edges with 
a grooved seam. Rectangular-duct sections may be made by break¬ 
ing the corners of flat sheets cut to the proper width then joining the 
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TABLE 101* 

Recommended Sheet-Metal Gages for Rectangular Duct Construction f 


u. s. 

Maximum 



Standard 

Side, 

Type of Transverse Joint 


Gage 

In. 

Connections t 

Bracing 

26 

Up to 12 

S, drive, pocket or bar slips, on 

7 ft. 10 in. centers 

None 

24 

13 to 24 

S, drive, pocket or bar slips, on 

7 ft 10 in. centers 

None 


25 to 30 

S, drive, 1-in. pocket or 1-in. 
bar slips, on 7 ft 10 in. cen¬ 
ters § 

1 X 1 X f in. angles 4 ft 
from joint 

22 

31 to 40 

drive, 1-in. pocket or 1-in. bar 
slips, on 7 ft 10 in. centers § 

1 X 1 X f in. angles 4 ft 
from joint 


41 to 60 

l-y-in. angle connections, or 1^- 
in. pocket or 1^-in. bar slips 
with l| X in. bar reinforc¬ 
ing on 7 ft 10 in. centers § 

1^ X if X f in. angles 
4 ft from joint 

20 

61 to 90 

1^-in. angle connections, or 1^- 
in. pocket or 1^-in. bar slips 
3 ft 9 in. maximum centers 
with if X -g^ in. bar reinforc¬ 
ing 

if X if X i in. diag¬ 
onal angles or, if X 
if X f in. angles 2 ft 
from joint 

18 

91 and up 

2-in. angle connections or if-in. 
pocket or if-in. bar slips 3 ft 
9 in. maximum centers with 
if X -J- in. bar reinforcing|| 

if X ij^ X f in. diago¬ 
nal angles, or if X if 
X f in. angles 2 ft 
from joint 


* From Heating Ventilating Air Conditioning Guide 1948.” Used by per¬ 
mission. 

t For normal pressures and velocities utilized in typical ventilating and air- 
conditioning systems. Where special rigidity or stiffness is required, ducts should 
be constructed of metal two gages heavier. All uninsulated ducts 18 in. and larger 
should be cross-broken. Cross-breaking may be omitted on uninsulated ducts 
if two gages of heavier metal are used. 

t Other joint connections of equivalept mechanical strength and air tightness 

may be used. 

§ Duct sections of 3 ft 9 in, may be used with bracing angles omitted, instead of 
7 ft 10 in. lengths with joints indicated. 

II Ducts 91 in. and larger require special field study for hanging and supporting 

methods. 

edges by means of either grooved or standing seams. Sections of 
elbows or transformation pieces are usually formed with Pittsburgh 
corner seams. Complicated fittings are usually constructed with 
double-seam corners. Table 101 indicates the applications of the 
various slips and connections which may be used for securing trans¬ 
verse joints in rectangular ducts and suggests bracing for the sides of 
rectangular duct sections. 
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305. Duct Insulation. All ducts in heating, ventilating, and air- 
conditioning systems should be insulated against transfer of heat to 
or from the conditioned air when the ambient temperature surrounding 
them is appreciably more or less than that of the air flowing. When 
no insulation is applied to sheet-metal ducts the principal resistances 
to heat transmission are the inside- and the outside-air films, as the 
resistance of the metal is negligible. An average value for the con¬ 
ductance of the outside film = 1.5 Blu per sq ft per hr per deg F 
temp difference, and this value can be applied lo practically all installa¬ 
tions. The conductance of the inside film depends principally on the 
velocity of the air and the diaiuvrter if he duct. The following equa¬ 
tion may be used: 

fi - (134) 

where/i* = film conductance, Btu per hr per sq ft per deg F temp 
difference. 

Va = average velocity, fps. 

D = inside diameter of duct, ft. 

The overall coefEcient U and the heat transfer in Btu per hour, either 
with or without insulation, may 
be estimated by the method 
that is outlined in Chap. 4 for 
the calculation of heat losses 
through building walls. 

Any insulating material in 
suitable form for application to 
ducts may be used and for large 
ducts may be applied to either 
the inside or the outside sur¬ 
face. However, any insulating 
material applied to the inside 
surface of ducts should be non¬ 
combustible because of the 
possibility of *^duct fires.’' 

Non-combustible insulating 
material applied to the inside 
of ducts is helpful in reducing 
noise, but great care must be 
used in its application to secure 
the smoothest possible surface, 
and the character of the final interior surface must be taken into 
consideration in estimating the friction loss of the system. Insu- 



(Grant-Wilson Co., Inc.) 

Fig. 254. Exterior insulation applied to 
sheet-metal ducts. 
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lating material in blanket form may be cut into pieces of desired shapes 
and placed as shown in Fig. 254. In applying this type of insulation 
the ducts are usually first covered with glue which firmly cements the 
insulating material to the metal. Corners of the insulated duct and 
joints in the covering are usually covered with special tape as shown 
in the illustration. 

306. Measurement and Specification of Noise Levels. Specifica¬ 
tions in regard to noise produced by machinery or by air flow and 
transmitted to occupied spaces are now being included in many con¬ 
tracts covering the installation of air-conditioning equipment. Noise 
specifications are usually expressed in terms of decibels. The decibel 
is a unit used to express the relation between two amounts of power. 
The difference in decibels between a power Pi and a larger power 
P 2 = 10 log 10 (P 2 Pi). In sound measurement the threshold of 
hearing has been established as 10"^® watts per square centimeter. 
The intensity level of any sound is then given by the following equation. 

/ = ]01ogio^, (135) 

where I = sound intensity level, db. 

P = power of the sound waves, watts per sej cm. 

One decibel is about the smallest change in sound level that can be 
perceived by the human ear. '' 

It is most satisfactory to measure noise with a sound-level meter 
called an acoustimeter which is now available for this purpose. An 
acoustimeter usually consists of a microphone, a high-gain audio¬ 
amplifier, and a rectifying milliammeter. The instrument is usually 
designed to indicate sound intensities directly in decibels. 

Since a sound intensity is 10 times the logarithm of a ratio of two 
powers and not a definite power, the intensity of a combination of 
two different soujids superimposed one on the other cannot be pre¬ 
dicted by adding the two separate sound levels. In general it has 
been found that combining two separate sounds of equal powers 
results in a combined intensity that is 3 db higher than that of the 
individual noises regardless of the actual levels. 

It is necessary in specifying maximum noise levels from machines 
to agree on the exact location of the microphone of the acoustimeter 
when the acceptance test is made. Table 102 gives noise levels in 
decibels for several situations which have been experienced by most 
people. Exact specifications of permissible noise levels in air-condi¬ 
tioning work are as yet not in common use. In general, air-condition- 
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TABLE 102* 

Typical Noise Levels! 

Noise Level in Decibels to Be 
_ Anticipated 


Rooms 

Minimum 

Repre¬ 
sentative Maximum 

Sound-film studios 

10 

14 

20 

Radio-broadeasting studios 

10 

14 

20 

Planetarium 

i5 

20 

25 

Residence, apartments, etc. 

33 

40 

48 

Theaters, legitimate 

25 

30 

35 

Theaters, motion-picture 

30 

35 

40 

Auditoriums, concert halls, etc. 

25 

30 

40 

('hurches 

25 

30 

35 

Executive offices, acoustical!v treated private 
offices 

30 

38 

45 

Private offices, acoustically untreated 

35 

43 

50 

General offices 

50 

60 

70 

Hospitals 

25 

40 

55 

Classrooms 

30 

35 

45 

Libraries, museums, and art galleries 

30 

40 

45 

Public buildings, post offices, etc. 

45 

55 

60 

Courtrooms 

30 

35 

45 

Small stores 

40 

50 

60 

Upper floors department stores 

40 

50 

55 

Stores, general, including main floor depart¬ 
ment stores 

50 

60 

70 

Hotel dining rooms 

40 

50 

60 

Restaurants and cafeterias 

50 

60 

70 

Banking rooms 

50 

55 

60 

Factories 

65 

77 

90 

Office machine rooms 

60 

70 

80 

Vehicles 

Railroad coach 

601 

70 

80 

Pullman car 

551 

65 

75 

Automobile 

50 

65 

80 

Vehicular tunnel 

75 

85 

95 

Airplane 

75 

80 

90 

* From ^‘Heating Ventilating Air Conditioning Guide 

1948.” 

Used by per- 


mission. 


t These values are tentative. More detailed measurements by D. F. Seacord, 
Bell Telephone Ijaboratories {Journal Acoustical Society of America^ Vol 12, pp. 
183-187, 1940) give average values and standard deviations of room noise in 
residences, offices, stores, factories, etc., in large American cities. 

t For train standing in station a level of about 45 db is the maximum which 
can ordinarily be tolerated. 
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ing apparatus is regarded as acceptable from a noise standpoint if its 
operation does not increase the original noise level of the conditioned 
spaces by more than 3 db in places that are already moderately noisy. 
This means that the equipment noise alone must not be greater than 
the room noise alone. 

307. Control of Noise Level. A thorough discussion of the various 
treatments which may be used to reduce noise is beyond the scope of 
this book. Transmission of mechanical noises from either the fan or 
the motor through the duct system can be prevented by use of either 
a canvas or an asbestos cloth to connect the fan inlet and the fan out¬ 
let to the respective parts of the system. Transmission of vibration 
noises through the building itself can be prevented by mounting the 
apparatus on pads of resilient material such as either rubber or cork. 
In general, rotational or vortex noises from a fan will be at acceptable 
levels if a fan is selected such that it will operate at or near its maximum 
mechanical efficiency. Noises due to the flow of air through the sys¬ 
tem can be kept down to acceptable levels without the use of sound 
insulation by proportioning all ducts so that the velocity will not 
exceed 900 to 1200 fpm in main ducts or 600 to 1000 fpm in branches. 
Air velocity leaving registers or grilles should not exceed 200 to 400 
fpm where quiet operation is required. 

When practical consideration demands the use of a system which 
will produce a noise level that is above that permissible in the space 
to be conditioned, information on the use of sound absorbers should 
be sought. 

308. The Problem of Air Distribution. Regardless of how well the 
rest of the equipment may be designed the performance of heating, 
ventilating, or air-conditioning systems will be unsatisfactory unless 
suitable provisions are made for the uniform distribution of the heated 
air, the fresh air, or the conditioned air throughout the space that is 
being treated. The problem of securing proper distribution in large 
rooms without producing objectionable drafts in local areas is some¬ 
times a difficult one. Air movements must be limited to 30 fpm in 
all spaces that may be occupied by people who are seated if ideal con¬ 
ditions are to be maintained. A somewhat higher velocity may not 
be noticed if the temperature and relative humidity of the air both fall 
within the upper limits of the comfort zone. The average person, 
as usually clothed for a public gathering, is especially sensitive to air 
movements over the neck or the ankles. In air-conditioned spaces 
which are to be used for purposes such that the occupants will always 
be moving about, velocities up to 120 fpm may be tolerated without 
the feeling of discomfort. 
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Perfect distribution would be achieved by a system in which the 
air is introduced at room temperature through one entire room sur¬ 
face, uniformly perforated, and removed through the opposite room 
surface perforated in a similar manner. However, practical considera¬ 
tions require the use of air diffusers such as registers or grilles which 
occupy only a small portion of the room surface in which they arc 
placed. Because of the limited area of distribution outlets the 
outlet velocity required for the delivery of the required amount of air 
is usually several times the velocity which can be tolerated by occu¬ 
pants without discomfort. Sven if it were practicable to introduce 
the conditioned air at velocities that '^ ou-d not be noticed by occupants 
close to the points of entry, distribution of the air throughout the room 
might be unsatisfactory d^ic to natural circulation caused by differ¬ 
ences in temperature between the conditioned air and that already 
within the enclosure. Fortunately, the movement of air withdrawn 
from a room through grille openings is not noticeable to occupants 
seated near them even when the free-area velocity is as high as 750 
fpm. It is therefore possible to project the conditioned air into the 
conditioned space at velocities which are high enough to secure satis¬ 
factory distribution through specially designed diffusers located in the 
ceiling or in the upper part of the side walls and then remove it through 
grilles which are placed in the floor or in the side walls close to floor 
level. Definite schemes are described in detail in Arts. 330 to 341 
inclusive. 

309. Behavior of a High-Velocity Jet of Air. A stream of air intro¬ 
duced into a room with considerable velocity of flow entrains room 
air adjacent to it. This action 
causes the static pressure of the air 
near the jet to be lessened, and, as 
a result, room air moves to produce 
a secondary circulation as indicated 
by the arrows of Fig. 255. This 
secondary circulation is sometimes 
advantageous when the tempera¬ 
ture of the jet of air is above or 
below the room temperature, as it 
produces a mixing process that 
is desirable. The same ‘^dragging 
effect’’ which causes the room air adjacent to the jet to be carried 
along with it also causes the outer edge of the jet to be pulled off to 
the side, thus causing a gradual ^‘decay” of the projected stream. 
The ‘‘throw” of an air jet may be defined as the distance between 



Fig. 255. Secondary air circulation 
produced by jet action. 



436 


AIR CONVEYING AND DISTRIBUTION 




the outlet and a position at which air motion has been reduced to a 
maximum velocity of 50 fpm. The ‘‘throwdepends upon the initial 
velocity and upon the initial size and shape of the diffuser. In large 
rooms with high ceilings such as auditoriums the diffusers may be 
few and large, while in low-ceilinged rooms such as railroad cars a 
perforated type of diffuser may be required in order that the projected 
streams may ‘^decay’^ completely before reaching the heads of occu¬ 
pants only a few feet away. 

310. Diffusion Devices. Several different arrangements have been 

developed for the purpose of 
providing in one device an 
architecturally acceptable mask 
for the end of the supply duct 
and a control of the stream 
of conditioned air which issues 
from it. A few of the more 
commonly used types will 
be discussed in the following 
paragraphs. 

Figure 256 shows a grille 
with two sets of directional 
vanes. The vertical vanes 
may be turned by use of a 
special tool to adjust the spread 
of the jet in a horizontal direc¬ 
tion and a second set back of 
the first which is used to regu¬ 
late the angle of the jet in a 
vertical plane. The horizontal 
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(United States Register Co.) 

Fig. 256. Outlet grille fitted with hori¬ 
zontal and vertical air-directional blades. 



Front 
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) 
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Sectional 

elevation 

Fig. 257. Injection-type air-flow grille. 


vanes at the rear are operated by the handle at the right end of the 
grille. Grilles of this same general type are also made with only one 
set of adjustable vanes while still another design includes only fixed 
vanes designed to achieve a predetermined directional effect. 

A special type of grille shown in Fig. 257 is designed to create maxi¬ 
mum secondary circulation and is very useful where it is necessary to 
introduce air at temperatures considerably below the comfort level. 
With this type of grille properly placed, incoming air may have a 
temperature as low as 25 deg F below room temperature without 
danger of creating cold drafts, provided that the grilles are placed 
at a sufficient distance from the occupants of the room. 

Figure 258 is an illustration of the use of a diffuser which consists 
of several specially formed concentric rings. The diffuser shown is 
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designed for installation in ceil¬ 
ings and is arranged in such a 
way that all the air discharged 
is directed doAvnward at some 
definite angle with the hori¬ 
zontal. The purpose of this 
arrangement is to uniformly 
deliver the conditioned :dr to 
the floor area which is served 
by each outlet. This type ot 
diffuser may be obtained in a 
variety of vane arrangements 
so as to provide blows'’ in 
one, two, three, or four direc¬ 
tions. Suitable arrangements 
may be placed in a side wall 
instead of in the ceiling. 

Figure 259 shows an example 
of a perforated type of diffuser 



{Pyle National Co.) 

Fig. 259 . Perforated-panel air diffuser. 



(Air Devices, Jnc.) 


Fi(i. 258. Conccntric-ring air diffuser. 
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which is well adapted to use in rooms where satisfactory results could 
not be achieved with any of the diffusers which have been previously 
discussed due to low ceilings. Continuous slots arranged to discharge 
the conditioned air in a horizontal direction near the ceiling have also 
been used with good results in low-ceilinged rooms which are not more 
than 40 ft in width. An advantage in using the perforated type of 
diffuser shown in Fig. 259 is that it is not readily discernible when 
incorporated in acoustical ceilings. 

In regard to any outlet register or grille, the ratio of the length to the 
width of its core is called its aspect ratio. 

311. Automatic Static-Pressure Control in Duct Systems. The 
velocity of the air passing through the free area of a diffuser will be 
proportional to the square root of the total pressure in the duct 
immediately back of the diffuser if the diffuser is placed at the end of 



Pressure tube 


Louver damper 
operated by air cylinder 
or by electric motor^ 



Diaphram- s/J^ 
Valve or switch actuated ^ 
by diaphram movement- 


Fig. 260. Flow control by static-pressure tube in d\ict system. 


the duct and proportional to the square root of the static pressure 
only if the diffuser is placed in a side of the duct. In any case the 
velocity pressure is usually small when compared with the static pres¬ 
sure; so, in general, it may be said that the velocity of air through a 
diffuser is determined by the static pressure in the duct just back of 
it. In a system where several rooms are served by a single duct, 
occupants of certain rooms may alter damper settings in such a way 
that the static pressure in other portions of the duct may be changed 
causing the delivery of air to those rooms to be increased or decreased 
to the point where discomfort of the occupants is a result. Unsatis¬ 
factory delivery of conditioned air to specific rooms of a system due to 
the cause that has been discussed can be prevented by the installation 
of an automatic static-pressure controller working on the principle 
illustrated in Fig. 260. 

312. Air Removal. Provision must be made for the escape of a 
volume of air approximately equal to that of the supply air to avoid 
building up a noticeable pressure in a conditioned space which would 
interfere with the closing of doors. In some types of public buildings 
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where exterior doors are in almost constant use due to continuous in 
and out traffic it may not be necessary to install either grilles or 
ducts for exhausting air from the room. However, in most air-condi¬ 
tioning systems it is necessary to provide outlet grilles and ducts for 
conducting the exhausted air either to the outside of the building or 
to the air-conditioning apparatus for recirculation to the space 
served. 

Outlet grilles are usually simple grids intended merely to mask the 
opening and prevent the entry of sizable obje^ds. The location of 
exhaust grilles is far less critical ? han tl-at of supply outlets because the 
air flows toward them from areas arc much larger than the 

openings, and there is no concentrated high-velocity stream at any 
appreciable distance away Fig 201 \ Exhaust 
gnds are usually located in a side wall with the 
bottom of the opening at or near floor level. How¬ 
ever, ceiling locations are recommended for bars, 
kitchens, dining rooms, etc., where warm air will 
gravitate to the ceiling level. Some ceiling outlets 
of special design combine the supply and return 
openings in a single unit. Low sidewall locations 
should not be placed closer than 5 ft to an area 
normally occupied by people who are seated. Ex¬ 
haust grilles set in the floor will perform satis¬ 
factorily but are objectionable from the standpoint 
of dirt collection. Allowable velocities through exhaust grilles are 
largely dictated by pressure-loss and noise-level considerations. 
Gross-area velocities between 400 and 800 fpm are usually satisfactory 
from every standpoint. 

It is sometimes economical to use corridors as exhaust ducts. Air 
from the individual rooms passes into the corridors through grids set 
in the partitions or through an opening provided at the bottoms of the 
doors. Another scheme that is frequently used is to construct an 
exhaust duct at the top of a corridor by providing a false ceiling the 
required distance below the concrete floor above. Where such a duct 
is constructed without the use of metal the plastering of the ceiling 
must be very tight to prevent dirt streaks caused by air entering the 
duct from the corridor through small cracks. The same procedure 
may be used for designing an exhaust system as was explained in 
Art. 303 for a supply system. However, in estimating the friction 
loss of such a system, allowance should be made for additional friction 
due to disturbance of the main stream when branches are brought into 
an exhaust trunk from the side. 



Fig. 261. Air en¬ 
tering an exhaust 
duct. 
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PROBLEMS 

1 . A mixture of dry air and water vapor exists at 14.5 psia, 80 F dbt, and 40 
per cent relative humidity. Six-thousand pounds per hour of the mixture are to 
flow with a velocity of 20 fps in a duct having a rectangular cross section with a 
dimension ratio of 2 to 1. Find the size of the duct in inches. 

2 . Air-velocity determinations of 2.5 and 5 fps are obtained by use of a kata 
thermometer for air having temperatures of 68 F and 95 F, rcspectiv^ely. If the 
instrument factor F is 450 what cooling time is required in each case? 

3 . A pitot tube operates with a gage having its fluid at 60 F. Velocity-pressure 
determinations of 0.09,0.64,1.0, and 4.0 in. of water are made in air streams having 
a temperature of 90 F and a barometric pressure of 29.3 in. of mercury. What 
velocity of flow in feet per second is represented in each case? 

4 . If the velocity pressures of problem 3 were obtained with air having a density 
of 0.08 lb per cu ft would the rates of flow be greater or less than those existent for 
the conditions stated? Express as a percentage of the actual velocities. 

5. The temperature of the fluid in a gage used with a pitot tube is at times 35, 
70, and 130 F when air having a density of 0.075 lb per cu ft is handled. What 
velocity of air flow is represented in each case if the velocity pressure is held con¬ 
stant at 4 in. of water? 

6 . Air has a velocity of 2400 fpm when its density is 0.065 lb per cu ft and the 
pitot tube gage-fluid density is 62.4 lb per cu ft. What is the velocity pressure? in 
inches of water? 

7. An air-intake grille has gross dimensions of 30 by 42 in. and a free area of 
80 per cent of its gross area. The average velocity of air flow at the grille face, 
as indicated by an anemometer, is 200.5 fpm. The instrument calibration indi¬ 
cates that the anemometer determination at the apparent velocity of flow is 2.5 
fpm too high. What weight of dry air is passing through the grille each hour if 
its density is 0.075 lb per cu ft? 

8 . A fan has an inlet duct with a diameter of 68 in. and an outlet 49 by 64 in. 
The fan discharges 34,400 cfm of air measured at 75 F and an absolute pressure of 
29.47 in. of mercury. The operating static pressures arc —0.33 in. near the inlet 
and 1.25 in. of water at the outlet. Find the total-pressure difference which the 
fan creates. 

9 . A fan draws air through a short inlet duct in which the friction-pressure 
losses are 0.05 in. of water. The inlet-duct opening has a grille through the free 
area of which air flows at 20 fps with a pressure loss of 1.5 times the freo-area 
velocity pressure. The air exists at 80 F and a barometric pressure of 28.95 in. of 
mercury. The flow conditions are: inlet duct, 30 fps; outlet opening, 40 fps; and 
discharge static pressure, 0.5 in. of water. Find the total-pressure difference cre¬ 
ated by the fan when the gage-fluid density is 62.3 lb per cu ft. 

10 . The number 2 Type-HV fan of Table 92 is operated at its maximum effi¬ 
ciency with a free inlet and 2 in. of water static pressure at its outlet. Compute 
the total and static efficiencies of the fan if the gage-fluid density is 62.4 lb per cu ft. 

11 . Select an HV-type fan to handle 17,330 cfm of air, measured at 115 F and a 
barometric pressure of 29.53 in. of mercury, when the discharge static pressure is 
0.75 in. of water. State the required operating speed and horsepower. 

12 . A duct has a diameter of 48 in. and a length of 60 ft in addition to two 
90-deg elbows which have centerline radii of 1.5 times the duct diameter. Air is 
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handled at 1500 fpm with a temperature of 100 F and a pressure of 14.5 psia. 
Find the actual friction-pressure losses in inches of water. 

13 . Derive equation 133. 

14 . An 18 by 48 in. duct conveys 9000 cfm of dry air having a density of 0.071 
lb per cu ft. Find the friction losses in 200 ft of equivalent din’t length. 

16 . A circular duct of 18-in. diameter conveys air at 1800 fpin. Find the film 
conductance /i. 

16 . A sound-intensity level of 40 db exists. What i?. the power of the sound 
waves? 



CHAPTER 14 


VENTILATION AND AIR PURIFICATION 

313. Distinctions between Ventilation and Air Conditioning. Defi¬ 
nitions of ventilation and air conditioning, Arts. 3 and 4, indicate that 
both have common features in the change and circulation of air within 
a space but that in true air conditioning much more air processing is 
often necessary than is required for ventilation. Outside air taken for 
ventilation purposes may or may not be heated in winter and have no 
treatment whatever in the summer. Ventilatio n systems_ employ 
cither natural or mechanical forces to produce air flow and_changes. 
Because of the amount of apparatus required and its resistances to 
air flow most air-conditioning systems have mechanical circulation of 
the air handled. 

314. Necessity for Ventilation. Air changes in spaces may be 
required for any or all the following reasons: (1) heat and moisture 
given off by the occupants, (2) vitiation of the air by respiratory 
processes and emanations from the skin, (3) chemical product fumes 
and vapors, (4) oxygen depletion as the result of the combustion of 
fuels and other materials, (5) excessive heat from all sources, (6) 
moisture liberated in manufacturing and other operations, (7) toxic 
gases, (8) odors, (9) bacteria, (10) smoke and fog productions, and 
(11) dirt, dust lint, etc., either drawn from without or liberated within 
a space to float in its air. 

Any appraisal of the functioning of a system of ventilation should 
give due consideration to its ability to eliminate or at least minimize 
the undesirable conditions that any or all the items of the foregoing 
list may produce. Certainly any satisfactory and successful system 
of ventilation should provide, within the space which it serves, air 
with adequate volume and circulation to give: sufficient oxygen; 
freedom from the dangers of toxic gases, vapors, and fumes; the reduc¬ 
tion of odors to an acceptable threshold of intensity; and satisfactory 
conditions of air temperature, humidity, and cleanliness. 

316. Air Vitiation. Heat and moisture losses from people in crowded 
spaces may lead to conditions far from comfortable. The respiratory 
processes of men reduce the oxygen and increase the carbon dioxide 
and moisture contents of air surrounding them and pollute it 
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with organic materials from the nose, mouth, throat, and lungs. 
Skin emanations are another source of air pollution and odors may 
arise from them as well as from body uncleanliness, soiled and sweaty 
clothing, cosmetics, etc. Air odors come from many sources and 
irrespective of their origin they may oi may not be indicative of harm¬ 
ful materials in the air. From a psychological standpoint they are 
objectionable and often ’.ead tlie room oc'c »pant to feel that the venti¬ 
lation of a space is poorer than it actually is. 

Fresh air from the open country may ha\ e from 3 to 4 parts of 
carbon dioxide, (^Oo, per lO/rOO pa'ts of air. Air as exhaled by an 
adult usually has about 400 parts ‘.jL carbon dioxide per 10,000 parts 
of air. Concentrations of from 7 to 8 parts of CO 2 per 10,000 parts 
of air are not excessive an<) may be considered as satisfactory. With 
'ncreased amounts of CC >2 an individual may suffer langor, drowsiness, 
a more rapid rate of respira,tion, headache, nausea, and with extreme 
concentrations insensibility may result. For the most part the usual 
concentrations of CO 2 as found in occupied spaces are not considered 
to be of great importance except as indices of air distribution and the 
adequacy of the ventilation system. 

Carbon monoxide, even in very small quantities, is a deadly gas as 
far as human life is concerned. Moreover it is not noticeable to the 
individual inhaling it. Carbon monoxide is absorbed by portions of 
the blood so that proper assimilation of oxygen cannot be made. In 
the ventilation of garages, workshops, and vehicular tunnels, where 
quantities of CO are given off in the exhausts of internal-combustion 
engines, the amounts of ventilation air supplied must be such that the 
concentration of CO will not exceed one to four parts in 10,000 parts 
of air of the space. Many other toxic gases and vapors are possible 
air contaminants, some of which are also highly combustible and 
explosive in their nature. 

Obnoxious and undesirable air impurities are dusts, dirt, plant pol¬ 
lens, and bacteria. Such contaminations arise from industrial proc¬ 
esses, cinders, ashes, soot from chimneys, dust and dirt liberated from 
deposits on city streets, and organic materials including the fine powder 
from flowering plants known as pollen. These materials are of varying 
degrees of fineness, chemical activity, and injuriousness when inhaled. 
The dusts and various forms of dirt are undesirable from the standpoint 
of maintaining cleanliness of the structure and its furnishings. 

The sizes of dust and fume particles are designated in terms of 
microns; a micron is one-millionth of a meter or approximately 
1/25,000 of an inch. Dust is a solid material in a finely divided state, 
the particles of which have diameters ranging from 1 to 150 microns. 
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Fume particles arising from chemical actions range from 0.2 to 1 
micron in diameter. Smoke in its different forms results from the 
incomplete combustion of different materials and generally carries 
particles less than 0.3 micron in size. Certain pollens are harmless; 
others are very injurious to individuals susceptible to them, causing 
the disagreeable malady known as hay fever. Bacteria range from 
the harmless to the dangerous. 

Dust counts may be made by removing from a given quantity of air 
the suspended materials by settlement, impingement, scrubbing, and 
electrical precipitation. Bacteria determinations are usually made by 
exposing culture plates to the air foi* a definite time, 2 min., and then 
maintaining the cultures at a temperature of 98 F for a period of 24 to 
48 hr to permit incubation. After the colonies are developed bacteria 
counts arc made by use of a microscope or a magnifying glass. 

316. Air Ionization. The ions of air are both positive and negative. 
Ionization of the air may possibly have some bearing upon its desirable 
ciualities especially where a considerable portion of it is recirculated. 
Experiments have shown that there is a marked decrease in the number 
of both the positive and negative ions of the air of a space after a 
period of occupancy. The ionic content of air varies with tempera¬ 
ture, occupancy, locality, and other conditions. The total effects of 
air ionization are indefinite and at the present are ignored. 

317. Quantities of Ventilating Air Required. The amounts of air 
supplied for the purposes of ventilation may be fixed by: legal require¬ 
ments; those necessary to serve a^ a carrier of either heat or moisture, 
or both; those necessary to produce satisfactory distribution and 
motion in occupied spaces; the quantities required to dilute carbon 
dioxide, odors, and toxic gases to unobjectionable concentrations; and 
the volumes used for the removal of floating dirt particles, smoke, 
dusts, and fogs. The air requirements for ventilation therefore are 
dependent upon local conditions and the ultimate results to be obtained. 

When the source of air contamination within a space is its human 
occupant, factors which seem to affect the minimum quantity of 
ventilating air to be brought in from outdoors are: objectionable body 
odors as influenced by the personal and dietary habits as they are 
related to his social and economic status, the room-air temperature 
and relative humidity, tobacco smoke, the volume of the room per 
occupant, and the odor-absorbing capacity of the air conditioning 
processes. Data obtained from studies made by the Harvard School 
of Public Health^ are included in Table 103. 

1 ASHVE Research Report 1031Ventilation Requirements,” by C. P. Yaglou, 
E. C. Riley, and D. J. Coggins, ASHVE Trans., Vol. 42, 1936. 
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TABLE 103 

Minimum Outdoor Air Requirements for Ventilation under Various 

Conditions 

Air Space Outdoor Air 
per I'erson, Supply, Cfrn 
Type of Occupants ('u Ft per Person 

Heating season with or without recirculation. Air not conditioned 


Sedentary adults of average socio-economic st^iluo 

100 

25 


200 

1() 


300 

12 


500 

7 

Laborers 

200 

23 

Grade-school children of average class 

100 

29 


200 

21 


300 

17 


500 

11 

Grade-school children of poor class 

200 

38 

Grade-school children of better class 

200 

18 

Grade-school children of best class 

100 

22 


Heating season. Air humidified by means of centrifugal humidifier. Water 
atomization rate 8 to 10 gph. Total air circulation 30 cfm per person 
Sedentary adults 200 12 

Summer season. Air cooled and dehumidified by means of a spray dehumidifier. 

Spray water changed daily. Total air circulation 30 cfm per person 
Sedentary adults 200 <4 

The data of Table 103 are indicative of the amounts of fresh outside 
air necessary to reduce the intensity of body odors to a tolerable value. 
Attention is called to the fact that these amounts vary considerably 
depending upon the status of the occupants and the volume of room 
space available to them and that the extremes of volumes range from 
7 to 38 cfm per person with possibly a satisfactory range between 10 
and 30 cfm. Considerations involved in space ventilation are; the 
system of ventilation employed; the temperature, velocity, and rela¬ 
tive humidity of the air handled; the locality; the climate of the 
locality; the physical features of the building; and the nature and 
duration of the occupancy. Residential spaces may have sufficient 
fresh air admitted to them through leakages through window or other 
cracks or by virtue of open windows. Crowded rooms are not well 
adapted to open-window sources of fresh air because of the likelihood 
of objectionable drafts; therefore in such cases some form of a mechani¬ 
cal system is desirable. For ventilation requirements and objectives 
to be attained in such work, reference may be made to The Code of 
Minimum Requirements for Comfort Air Conditioning.^ 


» ASHVE Trans., Vol. 44, 1938. 
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Because of the loads imposed on air-conditioning plants, especially 
in hot weather, by the use of large amounts of outside air in ventilation 
of spaces there is a tendency to reduce these amounts to a minimum 
of from 5 to 15 cfm per occupant except where smoking is prevalent 
and where larger quantities are necessary to carry away heat, moisture, 
dust clouds, and vapor fogs. The following data are of aid in esti¬ 
mating the amount of air required for ventilation purposes. 

TABLE 104 


Minimum Number of Air Changes per Hour Required for Ventilation* 


C'lass of Service 

Changes 

CUass of Service 

Changes 

Assembly halls 

5 to 10 

Laboratories 

3 to 10 

Bakeries 

3 

Oflices 

5 to 10 

Billiard and pool rooms 

3 t<3 8 

Restaurant, dining room, 

5 to 10 

Bowling alley 

3 to 8 

kitchen 

2 to 3 

Dance halls 

3 to 8 

Stores 

5 to 10 

Found ri(‘s 

5 to 10 

Theaters 

3 to 8 

Carages 

5 

Toilets 

3 to 5 


* From ‘‘Air Conditioning and Engineering,” by The American Blower Cor¬ 
poration. 


318. Odor Suppression. Individuals when exposed to odors for 
some period of time become less conscious of them because of the 
dulling of their olfactory sense. In appraising odor conditions 
within a space attention should be given to the 
impressions of individuals entering the rooms and 
those of the room occupants. The data of Table 
103 were secured by the method of dilution of 
room air with fresh air, and the results were based 
on the impressions of both room occupants and 
the primary impressions of investigators just 
entering the space. 

Odor-bearing materials and vapors carried by 
air are successfully adsorbed by the use of acti¬ 
vated carbon (charcoal made from coconut shells) 
placed in perforated canisters. Fig. 262, mounted 
on manifold plates. These assemblages. Fig. 262, 
are installed in duct sections, Fig. 263, through 
which the air to be deodorized flows. Whenever 
the activated carbon becomes ineffective as an 
adsorbent it may be regenerated by heating it to 
a temperature of approximately 1000 F. Each canister has an air 
capacity ranging from 25 to 35 cfm with air resistances of from 0.15 



Fig. 262. Canister 
with activated car¬ 
bon for odor adsorp¬ 
tion. 
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to 0.20 in. of water pressure. Activated-carbon requirements vary 
from 25 lb per 1000 cfm of air in residential applications to 36 lb per 
1000 cfm in commercial installations. Filtration of the air entering 
odor-adsorbing units is advisable as their effectiveness is reduced by 
accumulations of dust on the 
activated carbon. 

Ozone, O 3 , has been employed 
to mask odors as it has a pungent 
smell resembling that of weak 
chlorine. Because of its lik.di¬ 
hood of causing distress and 
injury to humans its concentra¬ 
tions are limited to 0.01 to 0.05 
ppm (parts per million) of air. With these low concentrations ozone 
’s not effective either as a masking or a sterilizing agent. 

319. Air Sterilization. Bacteria from human and other sources 
exist in occupied spaces. These germs may be harmless or otherwise. 
The distances that pathogenic germs travel are variable and are 
dependent upon both their method of introduction into the space and 
how they are carried about. Dusts, lints, and other materials floating 
in air afford a method of conveyance for bacteria, and the removal 
of such particles in air washers, filters, electrostatic cleaners, and 
other devices provides one method of at least partially freeing air from 
harmful germs. 

Air sterilization by use of special ultraviolet-ray lamps which give 
radiations in the neighborhood of 2000 angstrom units^ has shown 
results indicative that such equipment may be successfully used. 
Possible locations for ultraviolet-ray lamps are in the upper portions 
of rooms and in the air-supply ducts, just outside of the spaces. In 
any event lamps used for the purposes of air sterilization must be 
shielded so that the eyes and the skin of the occupants of the space 
will not be exposed to them. 

Progress has been made in the use of small quantities of finely 
divided droplets or mists of either propylene or triethylene glycol 
sprayed into air for the purposes of killing bacteria. Effective air 
sterilization depends upon either the radiations of lamps or the mists 
of germicides being at all times capable of reaching the organism to 
be killed. Bacteria carried on air-borne particles of dust, dirt, lint, 
or other suspended material may be shielded from and only partially 
affected by any agent used for their destruction. 

® An angstrom is a measure of length, 250,000,000 of which equal one inch. 
As applied in radiation studies they refer to wave lengths. 


Canisters 



Canister manifold^ 

{W. B. Connor Engineering Corp.) 

r'lG. 263. Installation of odor-adsorb¬ 
ing equipment in an air duct. 
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320. Air-Cleaner Functions. Installations of air-cleaning devices 
are made for the purpose of removing from air, flowing in either an air- 
conditioning or a ventilating system, solid particles of materials 
carried with it. The natures and amounts of air-borne solids to be 
removed depend upon local conditions which involve sources of air 
pollution and winds including their directions and velocities. In 
general air cleaning includes the removal of various-sized particles of 
dusts, dirts, smoke, cinders, lints, pollens, and other materials. 

An air cleaner should function to remove efficiently impurities even 
though the velocity of air flow varies over a considerable range, and it 
should offer small resistances to the flows. The cleaner requirements 
include large dust-holding capacity, ease of operation and servicing, 
and freedom from air contamination by the device. Neither by their 
construction nor by accumulations should air filters be fire hazards. 

321. Air-Cleaner Classifications. The nature of the impurities to 
be removed and the thoroughness of air cleaning necessary, fix to a 
considerable degree the particular type of equipment to be used for 
given conditions. In general, cleaners may be separated into the 
following groups according to the principle of their operation: (1) filters 
with viscous-coated surfaces upon which dirt particles are impinged, 
(2) dry filters which consist of cellulose or cloth materials which screen 
out dirt particles, (3) devices that operate with a change of direction 
of the air flow so that dirt particles are thrown out of the air stream 
by the action of centrifugal forces, (4) electrical precipitation in which 
dirt particles are ionized and given a positive charge of electricity 
which allows them to be deposited upon surfaces or plates having a 
negative charge, and (5) air washers which by means of water sprays 
and the impingement of dirt materials upon wetted surfaces accomplish 
air cleaning and, dependent upon the conditions of operation, either 
humidification or dehumidification of the air handled. 

Dirt and other materials collected by air cleaners must be removed 
from them, and the schemes employed are classed as (1) automatic 
and (2) non-automatic. Automatic rejuvenation of air cleaners will 
be discussed in connection with particular types of equipment illus¬ 
trated. Non-automatic cleaners, when dirty, may be rehabilitated 
by (1) discarding (throw-away) dirty elements and replacing them 
with clean ones; (2) manually cleaning the dirty parts without 
removing them from place; and (3) by removing those parts in need 
of attention, renovating them, and replacing them in the apparatus. 

Applications of air cleaners are in the following categories: (1) gen¬ 
eral uses which include central systems of air-conditioning and ventila¬ 
tion, unit ventilators, window installations, and warm-air furnaces; 
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(2) removal of objectionable particles from smoke and stack gases; 
and (3) the collection of dusts in exhaust systems. Non-automatic 
cleaners, according to the maximum resistance they offer to air flow 
in inches of water, are: low, 0.18; medium, 0.50; and high, one or 
more. The pressure losses through air filters are dependent upon the 
velocity of air flow and the state of cleanliness of the unit. 

322. Viscous-Impingement Ai'r Filters. of this type are built 

in several forms, one of v hicli i? the panel or cellular form illustrated 
in Fig. 264. The frame of tiie cell is sometimes '4 steel and other times 
of cardboard. The cardboard < onstniction is for those units which are 



{Air-Maze Corp.) 

Fia. 264. Viscous-irnpingeineiit air-filter panel, holding frame, and wire-screen 

mesh. 


discarded after use has rendered them unfit for further service. The 
cells are filled with some material such as, steel shavings, vegetable 
fibers, spun-glass fibers, animal hair or bristles, and in the unit shown 
in Fig. 264 the filtering surfaces arc formed by the use of crimped wire- 
mesh screens diagonally placed within the panel. The surfaces upon 
which dirt impingement takes place are coated with an oil. The 
properties of the light oil used are: (1) freedom from odor, (2) fire 
resistant, (3) non-volatility, (4) free flow at low temperatures, (5) 
slight changes of viscosity with temperature change, (6) ability to 
prevent growths of mold and bacteria on the filter medium, and (7) 
ability to make a uniform coating on the filter surfaces. 

The cellular units assembled to form a barrier to dirt flow, Fig. 263, 
are installed between the source of dirty air and the activated-carbon 
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deodorizing units. A common location is on the suction side of 
the fan. The assemblage of cells of the type of Fig. 264 can be such 
as to allow the passage of air without high velocities. The best results 
are obtained when the air can be divided into fine streams to impinge 
upon the filter material. When the filter agents are made of different 
sizes of fiberous materials or steel shavings the coarser elements are 
placed in the front of the cell where the larger particles of the dust are 



Endless 

curtain 
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curtain 

Space for 
^/motor and 
drive 


(Dollinger Corp.) 

Fio. 265. Sectional view of an automatic viscous air filter. 


removed. Filters of this type continue to collect dust as long as the 
dirty surfaces have their dust particles oil coated. The need for 
cleaning the surfaces and recoating them with oil or disposal of the 
units occurs when the resistance to air flow becomes excessive. 

Automatic viscous filters have moving surfaces which are generally 
periodically moved. Figure 265 is the front view of an automatic 
viscous unit with two endless movable filter curtains, Fig. 266, which 
are mounted on roller chains driven by sprocket wheels keyed to the 



CENTRIFUGAL SEPARATION AND DYNAMIC PRECIPITATION 451 


Removable 
top cover 


Removable, 
air seals 


shafts of the curtain rollers. The curtains have a number of removable 
panels each constructed of a single layer of bronze screen wire to which 
are attached layers of woven copper mesh. Lint is caught on the 
bronze screen wire which is always on the air-entering side of the cur¬ 
tain. The inner mesh affords a considerable surface for the collection 
of dust particles. The first curtain, Fig. 266, is the denser of the two 
and dips in an oil bath thrciigh which ‘t 
passes for cleaning. Tht curtain at the exit 
side of the unit does not enter the oil bath 
but serves to prevent entraiiie(i oil fn m pass¬ 
ing with the air from the cleaner, i he front 
part of the curtain at the air inlet moves 
downward into the oil bath, and the an* after 
the first contact with the curtain passes over 
freshly cleaned surfaces. A solenoid valve 
operates compressed-air jets working at 
psig pressure to blow through the curtain 
panels just below where they enter the main 
air stream to remove the excess oil from the 
clean surfaces. 

323. Dry Filters. These cleaners depend 
upon the screening or straining action of the 
filtering material, which may consist of felt 
cloth, wire screens, or cellulose. No adhesive 
liquid is used to coat the filtering surfaces. 

The filtering materials are often arranged in 
pocket forms to give the necessary surface in 
a small space. The separate units are so 
placed in multiple to give the required air¬ 
passing capacity. When either cellulose or 
cloth is the filtering material, it may be 
cleaned either by vibration of the material, 

dry cleaning of cloth, or by vacuum cleaning, or cellulose filters may 
be discarded when dirty. The velocities of air flow permissible range 
from 18 fpm for felt to 35 fpm for cellulose. Excessive resistance 
must not be allowed to exist, and dry filters must be kept free from 
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{DoUinger Corp,) 

Fig. 266. Side f^ortional 
elovation of automatii^ 
viscous air filter. 


moisture. 

324. Centrifugal Separation and Dynamic Precipitation of Dust 
Particles. When the particles of materials carried by air are large, 
such as sawdust and plane shavings, mechanical separation of the 
two can be secured within an inverted cone-shaped chamber such as 
shown by Fig. 267. Here the action of centrifugal forces and the 
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reversal of direction of air flow as it escapes from the unit effects the 
removal of the air-borne solids. 

A piece of equipment which makes use of centrifugal separation 

and dynamic precipitation of dusts 
and dirts is that shown by Fig. 268. 
This particular unit consists of a 
scroll-shaped casing within which a 
specially designed turbine-type im¬ 
peller wheel, with many blades, oper¬ 
ates at the speed of a conventional 
electric motor. Under centrifugal 
action dirt-laden air entering the 
wheel at its center flows outward 
along the wheel blades to enter the 
discharge scroll at a point where the 
width of the impellers is materially re¬ 
duced. Impingement of the heavier 
dirt particles occurs on the impeller 



Fig. 267. Cyclone dust collector. 


base, and the lighter particles are deposited or precipitated on the 
advancing blades. The actions of centrifugal forces move both the 
light and the heavy particles to the outer edge of the impeller where 



{American Air Filter Co,) 
Fig. 268. Roto-Clone air cleaner. 


their paths converge and intercept each other because of the hyper¬ 
boloid blade contour. 

About the periphery of the wheel, directly opposite the discharge 
from the blade tips, is a narrow annular space through which the 
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separated dirt passes into a surrounding dust chamber. The blade 
tips extend into the dirt chamber and produce a secondary-air circula¬ 
tion which in turn conveys the dirt and dust particles through a port 
whereby the materials collected are discharged to a storage hopper or 
other receptacle. The cleaned air leaving the blades and passing out 
into the scroll passage is discharged either to the outdoors or is returned 
to the occupied space after having been p.• scd through an air filter. 
The air which leaves the blade tips and flov.s with the dirt into the 
collecting receptacle passes back to tl\e dust r*hamber at the wheel 
periphery. This air is recircurated :i \ air is not bled from the main 
stream of air discharge for secondary, How. 

This process of air cleaning is used principally in industrial plants 
where dangerous and noxious dusts rre not to be liberated in the 
community. The process thus far described is a dry one, as water is 
not used. Equipment of a similar type is available whereby water 
sprays are used to effectively wet dust and dirt particles and thereby 
increase their masses which is of material aid in separating them from 
air. The wetted surfaces within the precipitator also show increased 
resistance to wear and abrasion of the dirt particles. 

326. Air Cleaning by Electrical Precipitation. Fine dusts, unburned 
particles in tobacco smoke, and other minutely divid<^d substances 
may pass through either dry or viscous air filters. Electrostatic 
cleaners are (piitc effective in removing small particles that some other 
devices cannot separate from air. 

Fundamentally the principles of the electrical precipitator are as 
explained by the use of Fig. 269, although the actual construction 
details of commercial units vary with different designs. Generally 
the source of electrical energy for their operation is 110- to llS-volt 
alternating current of either 25 or 60 cycles frequency and single phase. 
By means of electronic devices in a power pack a transformation is 
made to direct current which is available at potentials of 12,000 and 
6000 volts. 

The ionizing wire I is energized at 12,000 volts and thereby sets up 
an electrostatic field between it and the ground tubes G and G'. 
These tubes have grounded plates, shown by the solid lines of Fig. 
269, attached to them. The polarity of both the tubes and the 
attached plates is minus or negative. Positively charged plates, 
shown by the dotted lines, are spaced between the negatively charged 
ones and are connected to the 6000-volt direct-current terminals of 
the power pack. Dirt, mists, lints, and vapors flowing with the air 
through the field between I and G and 6' pick up electrical charges as 
the air becomes ionized. Some manufacturers of this type of equip- 
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merit state that all the air-borne particles acquire a positive charge of 
electricity, while others place the process as having given more than 
80 per cent of the bodies a positive charge and less than 20 per cent 
a negative charge. In any event the charged particles pass between 
plates having positive and negative electrical charges, and they are 
deposited upon a surface having a charge opposite in sign to that which 
they carry. The path of a positively charged particle is shown in 
Fig. 269. 

Westinghouse Precipitron cells are composed of two duplicate sets 
of high-voltage and grounded plates with the ionizer as a separate 
unit to facilitate installation and servicing. The cell sizes are listed 
as 36 in. by 24 in. and 24 in. by 24 in. at the face where the air enters 



Fig. 269. Principle of electrostatic air cleaner. 


them. Operating face velocities are 300 and 375 fpm, which give 
capacities of 1800,1200, 2250, and 1500 cfm respectively with cleaning 
efficiencies of 90 per cent at 300 fpm and 85 per cent at 375 fpm velocity. 
These cells are installed in sufficient numbers of a given size within 
the duct work of central systems to give the necessary air capacity 
when the operating face-area velocity is fixed. Cleaning of the 
accumulations on the grounded plates is accomplished by use of water 
discharged from a hose nozzle to flush away the collected materials. 
Raytheon units are built in the same sizes and capacities as the 
Precipitron cells and are used for central installations as well as 
smaller room units. 

A self-cleaning type of electrical precipitator is shown together with 
its schematic diagram by Fig. 270, In operation the dirty air first 
passes through the ionizer with its positive high-voltage wires and its 
negative and grounded tubes. The potential difference between the 
ionizing wires and the grounded tubes is approximately 12,000 volts. 
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and in this region the polarity of the ions or the dust particles is estab¬ 
lished. The collector elements consist of fixed positively charged and 
movable negatively charged plates. The ionized air-borne particles 
enter the field between the fixed and the movable plates and are drawn 
to the surface of a plate having a polarity opposite to theirs. Particles 
not removed in the front collectors pass to the rear sections where there 



is further opportunity for their removal. The negative collector 
plates in both the front and the rear locations are moved through a 
bath of oil placed at the bottom of the assembled unit. As the 
plates move through the oil they come in contact with a wiper which 
removes tarry residues which have formed on the surface of the oil film 
in contact with the air being cleaned. Dirt and other materials 
deposited upon the positively charged stationary plates are swept 
away from them by wipers attached to the moving chain on which 
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they arc mounted. The speed of movement of the curtain of collector 
plates may be varied from one revolution per 24 hr to of its height 
in 12 min. The efficiencies of operation are 85 per cent at 500 fpm 
and 90 per cent at 400 fpm face-area velocity with air-flow resistances 
of 0.23 and 0.17 in. of water through the apparatus. These units are 
built in section widths of 3 and 4 ft and heights ranging from 6 to 
13 ft. The necessary face area required for a definite velocity of 
flow is secured by the installation of units side by side. 

The same manufacturer produces precipitators with stationary col¬ 
lector plates which may be removed from the assembly for their clean¬ 
ing. Also the same builder makes a precipitator wherein sheets of 
cellulose material are spread over insulated grilles that contain both 
positive and grounded electrodes. These give a dielectric field in the 
cellulose material whereby the tissue fibers tend to separate and become 
dirt-collecting electrodes. The cellulose materials also serve as ordi¬ 
nary dry air-filter sheets and are discarded as they become dirty when 
used either as a plain filter or as part of an electrostatic cleaner. 

326. Air-Cleaner Ratings.—The air flow in cubic feet per minute 
for which a cleaner is designed is an expression of its capacity rating. 
The dust-holding capacities of non-automatic filters are the amounts 
of dust that filters can accumulate with the resistances to air flow not 
in excess of some fixed amount as indicated in Art. 321. Cleaner 
ratings are usually determined when they operate with face-area air 
velocities somewhere between 250 and 500 fpm. Face-area velocities 
per unit of time are equal to the quantity of air flow through the filter, 
per unit of time, divided by the cross-sectional area of the duct at its 
point of attachment to the inlet side of the filter or the actual face area 
of the filter when the duct cross-sectional area is not the same. 

327. Cleaning Efficiency of Air Filters. Much work has been done 
by various investigators in the matter of testing and rating air filters. 
An ASHVE Code^ provides instructions in the matter. 

The nature and the size of dust particles have much to do with 
their removal from air by filters. Coarse dirt particles are much 
more easily removed from air than those of fine size. Results of 
filter tests can best be compared when made with standard dust. 

Filter cleaning efficiency or dust arrestment is expressed as 

(M, - Mi)m 

^ - m[ 

* Standard Code for Testing and Rating Air Cleaning Devices Used in General 
Ventilation Work,^* ASHVE Trans.y Vol. 39, 1933. 
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where E = filter efficiency or dust arrestment, per cent. 

Ml = amount of dust or dirt in a unit volume of air entering 
the filter. 

M 2 — amount of dust or dirt in a unit volume of air leaving the 
filter. 

Cleaner efficiencies may beev^aluated by meaiiS of (1) particle counts, 
(2) weights of dust introduced into air and the extraction of dust from 
cleaned air by passing it through a porous crucible, and (3) the dust- 
spot or blackness test as devised by the National Bureau of Standards. 

Particle counts per unu vol iP'e o" ai are most useful in appraising 
filter performances with such materials as plant pollens and certain 
ty^pes of industrial dusts The determination of the values of M\ 
and M 2 by the weight method, indicated by item 2 of the preceding 
paragraph, is satisfactory and is recommended by the ASHVE. The 
dust-spot method requires i.he passing of cleaned and uncleaned air 
through filter papers at the same time. By adjustments of the ratio 
of the areas of filter paper through which air samples flow and the 
proper ratio of air quantities handled, spots of approximately equal 
blackness can be obtained on the papers. The ratios of the blackened 
areas and the ratios of the air volumes are indicators of the cleaners 
effectiveness. A special photometer is required for the comparison 
of the blackened areas. 

The sizes of dust particles and their nature have a marked bearing 
on the performance of an air filter at a given rate of flow. Tests** 
have been made to determine the overloading of air filters by the 
introduction of various amounts of dust (50 per cent Pocahontas coal 
ash, 20 per cent lampblack, 20 per cent Illinois fly ash, and 10 per 
cent fuller’s earth) into the air stream passing through the test unit. 
The dust was fed at the rates of 20 and 40 grams per hr to air flowing 
through a viscous-coated throw-away-type filter 2 in. thick. The 
curly fiber filter media were graded in size, density, and oiling, from 
the entering to the leaving side. 

In the tests a filter was assumed to be overloaded when its efficiency 
of dust removal showed a definite and marked decline, as the feed at a 
given rate continues after a period of time. The curves of Fig. 271 
give no definite indication of overloading of the filter, as the efficiency 
curves for each condition of dust feed show a rise in numerical values 
as the total amount of dust feed is increased. Naturally the filter 
resistance to air flow increased after a definite period of its operafion 

® Overloading of Viscous Air Filters during Accelerated Tests,” by Frank B. 
Rowley and Richard C. Jordan, ASHVE Trans.y Vol. 48, 1942. 
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with each rate of dirt feed. The rate of increase for both feeds was 
practically the same until the resistance to flow approached 0.3 in. 
of water after which the resistance to air flow became more rapid 
with the greater rate of feed when a definite amount of dust had been 
fed. The curves are of value as an indication of the efficiencies of 

operation and the resistances 
to air flow that may be ob¬ 
tained with one type of air 
filter. 

328. Air Washers. Air¬ 
washing equipment serves as 
an air cleaner; it also func¬ 
tions as either an air humidi¬ 
fier or an air dehumidifier, 
depending upon the condi¬ 
tions of operation. Air 
washers remove certain dusts 
and dirts very effectively; 
other impurities such as fine 
soot are not readily removed 
from air by washing. This 
form of equipment functions 
by bringing the air to be conditioned in contact with (1) water brokcui 
into fine droplets as in a mist, (2) a combination of water-wetted sur¬ 
faces and water discharged from spray nozzles, and (3) surfaces con¬ 
tinuously wetted by water. 

The air washer of Fig. 272 operates under the conditions enumerated 
by item 2 of the preceding paragraph. The asstmbled device consists 
of a spray chamber fitted with one bank of water nozzles, scrubber 
plates, and water eliminators at the air outlet all housed within the 
same casing. The diffusers at the air-inlet end give more uniform 
distribution of the air across the spray-chamber section. The action 
of the washer is secured by having the air pass through finely divided 
water sprays produced by nozzles placed in the path of the flowing air. 
The water is withdrawn from the sump or tank of the spray chamber 
and is forced through the nozzles by a pump usually operating with a 
discharge pressure of around 25 psig. Water not absorbed by the 
air in passing through the sprays falls to the sump where a constant 
level is maintained by the action of a float valve in the make-up water 
supply line. The sump is also fitted with an overflow to permit the 
escape of excess water. Figure 273 shows the application of a single- 
spray-bank washer in an air-conditioning system. 



^ ^ ^ - 
Weight of dust fed, grams 

Fig. 271. Porformance curves for a viscous 
air filter with two rates of dust feed. 
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Washers similar to the one of Fig. 272 are built with two banks of 
spray nozzles, and they may have three banks within a single casing. 
Where exacting conditions are to be maintained washers may be 
arranged in series or tandem. Whenever the outside air temperature 



{Westinghouae Electric Corp., Sturtevant Division) 


Fig. 272. Air washer. 


falls below 32 F a preheater or air-tempering coil must be installed in 
the duct just ahead of the washer air inlet. Unless the air entering 
the washer is maintained at a temperature above 32 F, say 40 F, the 
spray water will be frozen. The number and the design of spray 
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nozzles are of great importance in air-washer operation. The water 
should be broken into a fine spray by the nozzles, and the contact of 
the air with the water sprays must be thorough. The velocity of the 
air in the spray chamber should be limited to 500 to 550 fpm. 

Most of the air cleaning is done as the dust and dirt impinge on the 
scrubber plates which are flooded with spray water. The scrubber 
surfaces are the parts of the eliminator assembly with which the exit 
air first comes in contact. The eliminator plates which remove par¬ 
ticles of entrained water from the air are also of aid in dirt removal. 
Change of the direction of air flow in the zigzag paths through the 
scrubbers and eliminators is of some value in the removal of dirt. 



Fig. 273. Air washer application. 


Air washers require frequent changes of water and the removal of 
accumulated dirt in the sump or spray chamber tank. Unless the 
spray water is changed frequently it may become saturated with odor¬ 
bearing materials and thereby be a source of odors in the air supplied 
to ventilated and air-conditioned spaces. 

329. Cellular Air Washers. The basic feature of cellular air washers 
or conditioners is the employment of water-sprayed capillary cells, 
Fig. 274, through which the air to be processed flows. The unit of 
Figs. 275 and 270 has standard cells with face dimensions 20 in. by 
20 in. and a depth of 8 in. in the direction of air flow. Each cell is 
completely filled with fine glass filaments which occupy about per 
cent of its volume. A thin layer of the filaments is placed parallel to 
each cell face where the air enters and leaves the unit. The remainder 
of the filaments are placed practically parallel to the direction of air 
flow. The horizontal placement of filaments at the entering face aids 
in distributing water in the cell, and this same arrangement at the 
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air exit from the cell facilitates the separation of water from the leaving 
air, Parallel arrangement of the filaments in the main body of the cell 
reduces resistances to flow and permits small moving streams of air and 
water to make maximum contacts with excellent heat and moisture 
exchanges. 

Each cell unit of this particj- 
ular design is capable cf han¬ 
dling 1100 cfm of air, but a 
nominal rating for all condi¬ 
tions of installation is 
cfm, which gives a face-area 
velocity of approximately 350 
fpm. Conditioner units are 

a,SSCmbled with the cells in one (Air and Hefriaeration Corp.) 

or more tiers and with a suffici- 274. Construction of fihor-fillod air- 

ent number of cells to give the 
desired width. The tiers are 
inclined to the vertical, and 
the washer illustrakxl by Figs. 

275 and 270 has two horizontal 
rows of s(?ctions per tier. The 
washer shown by Fig. 275 has 
a 6-5 arrangement which means 
that there are three tiers of 
sections, each two sections 
high, and that the washer has 
a width of live sections or cells. 

Each tier operates independ¬ 
ently of all others with respect 
to the air and water handled. 

An assembled unit. Fig. 276, 
includes a water sump, capil¬ 
lary cells, spray nozzles, circu¬ 
lating pump, water piping, 
water-level control, drain and 
overflow connections, and eliminators. 

Water from nozzles above the cells is evenly distributed over their 
upper faces and passes by gravity flow through them to the bottom 
tank. Air flow may be parallel to the water flow or they may move 
counterwise when air enters the bottoms of the cells. In either case 
glass-fiber mats placed across the air exit or simple shallow metal 
eliminator plates function to remove the entrained moisture. Each 



(Air and Refrigeration Corp.) 
Fig. 275. Standard size 6-5 class I 
capillary central-station air-washer in¬ 
stallation. 
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cell tier is fitted with a trough and attached drain pipe which together 
return the excess water to the sump, The water pressure at the nozzles 
is approximately 6 psig. For ordinary washing, humidification, and 

_ ____ evaporative cooling of air 

"TyTp'g" the amount of water pumped 

—^ I'l T-T- \ I I 1*-1| about 3 gpm per cell or 

1 _j—- L-J 

I I yiii i~ cooling and dehumidi- 

^ llj V-l-llI 1 A' {^.s fication are affected the 

J amount of water necevssary is 

~ji~ 7~] ij dependent upon the desired 

_^ 11 j| I [ Ij final air temperature, the ini- 

IL.„,J| temperature of the spray 

Plan water, and the wet-bulb 

temperature of the entering 
, „ air. The maximum amount 

r* ^ of spray water to be handled 

^ recommended limita- 

Resistances to air flow 

^ through capillary wavshers 

?irV-^T-r-- iri y'l \ are dependent upon the 

^ Individual tierlUc" o i p • n 

-- ^ ^drainage1o velocity of air flow or the 

Air i I ^3^' 1 quantity of air handled per 

Vi 1 Z cell and the amount of water 

Q.^ 1 ! ^ used in gallons per minute 

l .2 per cell. Thus for 1000 cfm 

E I I flange^-" ] | air capacity per cell the re- 

8 'V' I sistance to air flow when 3 

_ I gpin of water is used per 

^ liJjilL_^ , cell is 0.34 in. of water; the 

ej pressure loss or resistance 

„ |Npump Water level 9'' increases to 0.39 in. when 

Z Dram 12 suction quantity of water used 

^'''^xra!fA.Awa,<onC»rp.) IS 9 gpm. The Saturating 

Fig. 276. Details of capillary air washer. efficiency (humidifying effici¬ 

ency) ranges from 99.5 per 
cent with 600 cfm of air per cell down to 96.9 per cent when 1400 
cfm are flowing. 

330. Systems of Ventilation. Ventilation is accomplished by 
natural and mechanical means. Natural systems comprise open 
windows, roof ventilators, and also vertical ducts which depend cither 
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{Air and Refrigeration Corp.) 
Details of capillary air washer. 
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upon wind action or gravity flow of air. Natural systems of ventila¬ 
tion cannot be used where air has to be passed through washers, 
filters, and many types of heating, cooling, humidifying, and dehumidi- 
fying equipment. Mechanical systems embody eithe'' central plants 
with distributing ducts or unit ventilators, with little or no ductwork, 
placed in the rooms of a structure. All mechanical systems recpiire 
fans to produce positive Low of air. 

331. Natural Ventilation. Sysbcms of natural ventilation lack uni¬ 
form positiveness in action as they are gn^atly ‘dfected by wind and 
temperature differences of the ai^. They have further limitations 
because of the size and nature of the ducts requi’’cd. 

Open windows and skylights are of value when weather and building 
conditions permit their use for ventilation purposes. The chief diffi¬ 
culty with open-window ventilation is the inability to prevent drafts 
and to secure uniform air distribution and air temperatures in occupied 
zones. 

Special roof ventilators are also greatly affected by wind and weather 
conditions as well as by their height above the level to be ventilated 
and the inside-outside-air temperature difference. Roof ventilators 
are of considerable value in some types of factory buildings and for 
venting of heated air from attic spaces. 

Other systems of natural ventilation embody special inlets, exhaust 
ducts, and outlets for the removal of vitiated air. The flow of air in 
duc.ts of natural systems is promoted by the difference in weight of two 
columns of air. Therefore the temperature differences and the height 
of the columns of air between a duct inlet and its discharge outlet are 
highly important. Exhaust ducts of natural systems are often pro¬ 
vided with heating coils (steam or hot-water) which function to increase 
the motive head by increasing the average air temperature within the 
duct. In any system of natural ventilation the effects of wind and 
gravity action should work together rather than in opposition. 

332. Roof Ventilators. These units are constructed in a variety of 
forms, four of which are shown by Fig. 277. The most desirable roof 
ventilators function to prevent the entry of rain and snow into the air 
outlet, permit the outflow of air regardless of wind direction and veloc¬ 
ity, and when possible act in conjunction with wind forces. 

333. Proportioning Natural Ventilation Stacks. The action of a 
stack in a natural system of ventilation is similar to that of a chimney. 
Equation 76 can be used for the purpose of arriving at the cross- 
sectional area of a gravity-flow stack, provided that the proper con¬ 
stants are used for K. When equation 76 is used, Q represents the 
cubic feet of air handled per second at U the average temperature of 
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air in the stack, when ta is the temperature of the outside air, and h 
the height in feet of the stack outlet opening above its inlet opening. 
Values for K are 0.35 for stacks having grilled inlet and outlet openings 
and 0.45 for those with free inlets. 

334. Central Ventilation Systems. These systems having one or 
more fans operate: (1) to blow air through ducts into spaces with the 
air leaving the room through vent stacks or other openings, (2) to 
exhaust air through a duct system with the fresh supply of air entering 
at inlet grilles in the walls or window openings, and (3) both to blow 
air into and to exhaust air from spaces to be ventilated or air condi¬ 
tioned. In any event, if the air inlets and outlets are properly 
designed and placed, positive circulation of the air can be attained 
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Fio. 277. Roof ventilators. 



with a reasonable uniformity of distribution. Uniformity of distribu¬ 
tion is of the greatest importance in ventilating and air-conditioning 
systems. Any system which merely blows a given quantity of air 
into a space and which exhausts a similar quantity without uniform 
distribution of the air in occupied zones falls far short of one of its 
essential purposes. 

Cential supply systems of ventilation and air conditioning include 
those termed split systems and combination systems. The combina¬ 
tion arrangements are further classified as divided and hot-blast 
systems. 

336. Split Systems of Heating and Ventilation. In the split system 
the heat losses from the building are supplied by either direct radiators 
or convectors. Either the ventilation or treated air is handled by a 
fan and duct plant which delivers tempered air at the room tempera¬ 
ture. This arrangement lends itself to various classes of buildings 
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where ventilation is not required continuously. The operation of a 
ventilating plant in such buildings, in order to supply heat, would be 
expensive. The use of direct radiators and convectors permits spaces 
to be brought to and maintained at the desired temperature during 
periods of unoccupancy and also when positive ventilation is not a 
necessity. The ventilating part of the equipment can be arranged 
for complete air conditioning fv>r either wiiiter or summer conditions. 
This additional equipment foi processing air to give complete air 
conditioning may involve air filters, aii washers, and cooling coils, 

336. Combination Systems. Conditions often arise where it is not 
possible or desirable to install a sufiicient amount of direct radiators 
and convectors to care for the building heat losses. Sometimes 
better distribution of the heat within a space may be secured by having 
part or all the heat supplied carried by the air brought into the room 
^rom the central ventilating and air-conditioning plant. 

Where exposed glass areas occur, direct radiators placed beneath 
them are of considerable benefit in counteracting cold drafts produced 
by infiltration and also in offsetting the effects of the cold window sur¬ 
faces. The divided system functions with part of the building heat 
losses supplied by either direct radiators or convectors, the remainder 
of the heat being brought in by ventilating air having a temperature 
higher than that of the room. 

Where all the air supplied to the room is heated by the steam or hot - 
watcr coils of the ventilating system and no heater units arc plactnl 
in the room the term hot-blast heating is applied. The temperature of 
the incoming air in hot-blast systems is adjusted according to the heat¬ 
ing reciuirements, the quantity of air usually remaining constant as 
established by the ventilation reciuirements. 

337. Unit Ventilators, (\mtral systems of ventilation require con¬ 
siderable space in the building and its walls for the fans, heaters, and 
ducts. This necessity adds considerably to the first costs both of the 
structure and of the ventilating system. 

With unit systems one or more small pieces of equipment are located 
within the space to be ventilated. A typical unit for both heating and 
ventilation, Fig. 278, consists of a housing, motor-driven fans, and a 
steam coil for warming or heating the air handled. It is often desirable 
to have the unit ventilator merely heat the air to room temperature or 
slightly less and to use direct radiation and convectors for the space 
heating. Unit ventilators are installed to handle outside air taken 
through short connections made through the building outside wall 
along which they are placed. Arrangement for the recirculation of 
inside air is highly desirable as the opetation of the unit with recircu¬ 
lated air is of great aid in warming up a cold room. The vitiated air 
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from the room can be disposed of through a system of vent flues, 
through a partially opened widow, or by outward leakage. Practically 
all unit ventilators embody either an air filter of the dry type or a 
cellular viscous filter of the throw-away type. Units of this sort are 
also available, which in reality are unit air conditioners embodying 
within a single housing the necessary features to clean, heat, humidify, 
and also to clean, cool, and dehumidify air. 

Unit ventilators and air conditioners are particularly useful in 

schoolrooms, in connection with direct radiators and convectors. The 



Fig. 278. Unit ventilator. 

air discharge at the top outlet is adjusted to discharge the fresh air at 
an angle with the room ceiling. By this arrangement drafts can be 
avoided and turbulence created in the air above the occupied zone. 
This leads to gentle circulation and better air distribution about the 
occupants of the room. 

338. Systems of Air Distribution. Central ventilation systems may 
be further classified according to the direction of air flow from the air 
inlets into the room, as upward, downward, and ejector systems. 

339. Upward Flow Systems. The ventilating air supply in upward 
systems of ventilation. Fig. 279, is brought into the space through 
inlets near the floor line, through openings in the floor, or through the 
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pedestals of theater chairs and seats. The foul-air outlets are located 
in the side walls near the ceiling or in the ceiling. Upward systems 
of air flow may be used in rooms where there is a marked tendency for 
air heated by the occupants to rise and carry with it the vitiating 
products from their bodies. These systems involve difficulties in the 
introduction of the ventilating air so that the occupants are not sub¬ 
jected to drafts and in tl e tem^cncy to llu^ heating of the space 

more difficult. Upward systems of ventilation are not satisfactory 
where air cooler than the room tcmper;iturc is io be introduced. 



Fi(3. 270. Upward system of ventilation. 


Downward Systems of Air Flow. The downward system of 
ventilation, Fig. 280, introduces the ventilating air through openings 
located in the ceiling and removes the vitiated air through openings 
either in or near the floor. The supply openings can also be located 
in the side walls above the heads of the occupants, and the vents in 
the side walls at the floor level, preferably on the same side of the 
room as the supply openings. Any system of downward ventilation 
should endeavor to spread the incoming air uniformly above the occu¬ 
pied zone to secure uniform conditions within the ventilated space. 
Downward systems of ventilation if properly installed are satisfactory 
for theaters, auditoriums, schools, etc. For summer cooling the 
downward system distribution is much better than the upward system. 

Entering air cooled more than 10 to 15 deg F below the room tem¬ 
perature may be somewhat difficult to handle without objectional 
drafts because of its greater density than that of the air of the room. 
The downward system with properly designed diffusers located in the 
ceiling permits the rather uniform distribution of cooling air and tends 
to eliminate objectionable drafts. 
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341. Ejector Systems. The ejector system of air distribution which 
is a form of downward distribution is feasible and satisfactory where 
the air may be blown through unobstructed spac.es for considerable 
distances, as in Fig. 281. The air is introduced at high velocity 
through specially designed nozzles at the rear of the building and is 
discharged well above the occupied zone. The jet action of the 



Fio. 281. Ejector system of ventilation. 
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incoming air produces considerable aspirating effects giving better 
diffusion of the fresh air within the space. The vent outlets are 
placed in the rear of the building, located so that the return air flows 
uniformly into the faces of the audience. 

342. Air Exhaust. With any system of fresh-air distribution what¬ 
ever there should be a positive scheme of vitiated-air removal so 
designed and located as to aid in the distn^ utioji of the fresh air and 
to prevent short circuiting of tho air between the supply and the vent 
outlets. 

When the air is supplied to maintain a pressure within the space at a 
value slightly greater than aimospnenc pressure, leakage outward 
through cracks, etc., may be sufficient to care for the disposal of 
vitiated air, 

A better method is to provide a system of vent flues or ducts througli 
vvhich the air can escape. These ducts may have air flow produced by 
either gravity action, air pressure in the room, or the action of an 
exhaust fan. Exhaust ducts from the various rooms may discharges 
the vitiated air to an attic space from which it may be exhausted l)y 
a fan, or there may be an exhaust fan and a trunk system of ducts 
having flue conne(;tions to the individual rooms. An exhaust fan 
attached to a trunk duct system to withdraw air through it gives the 
most positive results. 

h]xhaust vents operating with gravity action are designed to cai-ry 
the same amount of air as is delivered to the rooms, and the aii* 
velocities in such ducts range from 200 to (>00 fpm. Where fans arc^ 
used in connection with exhaust systems, allowable velocities in the 
risers and main ducts of public buildings range from 500 to 600 and 
from 900 to 1500 fpm, respectively. For industrial buildings these 
velocities may be for risers 900 to d800 and in main ducts 1200 to 
2400 fpm. Gravity flow in exhaust systems is always more or less 
erratic in action, and if positive air removal is desired or if the exhaust 
duct system is of considerable length a fan should always be used in 
connection with it. Rooms such as kitchens and toilets should be 
maintained Avith the air at pressures less than the other spaces to 
promote air inflow into the room rather than outflow, which is likely 
to carry odors to other spaces. 

343. Recirculation of Ventilating Air. During either winter or 
summer operation where it is necessary either to heat or cool air, a con¬ 
siderable saving in operating expenses can be secured by recirculating 
part of the air supplied to the spaces. In garage workshops and 
vehicular-tunnel ventilation it is not desirable to recirculate any of 
the air, as the primary purpose of ventilation is to dilute a deadly gas. 
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carbon monoxide, CO, to a concentration which is not harmful to the 
occupants. 

Recirculation of part of the ventilating air in winter requires less 
installed boiler and air-heater capacity and thereby not only reduces 
the first cost of the installation but also requires a smaller cpiantity of 
fuel, representing a considerable saving in operating expenses. Like¬ 
wise in summer cooling the installed capacity of the air coolers can be 
made smaller and also the plant operating expenses reduced if a part 
of the air is recirculated. 

The amount of air which may be recirculated depends upon the 
methods of treating it before it enters the rooms and also upon condi¬ 
tions within the rooms. If odors are a bothersome feature, more fresh 
air from the outside is necessary. Heat and moisture gains in the 
rooms may also require a greater amount of fresh air from the outside 
than would otherwise be required. 

Generally speaking, it is desirable to reduce the amount of outside 
air drawn in to a minimum if the fresh air must be heated during the 
winter and cooled during summer operation. During mild weather, for 
either summer or winter operation, recirculation of the air may be omit¬ 
ted as the expenses of operation will not be excessive. The proportions 
of fresh and recirculated air vary somewhat but range from 20 to 30 
per cent fresh air and 70 to 80 per cent recirculated air. Considera¬ 
tion should be give to the data of Table 103 when proportions of fresh 
and recirculated air are to be determined. 



CHAPTER 15 


HEATING WITH CENTRAL FAN-COIL SYSTEMS AND 
UNIT HEATERS 




BLOW-THROUGH HEATER 


344. Fan-Coil Heating. For many years the scheme of heating 
which requires a fan, heater im^ts, an^^ a duct system was termed hot 
blast. This form of for^.ed-convection indirect heating differs, for 
the most part, from mechanical warm-air furnace systems in e(|uipment 
used for warming the air. Ilot-biast heaters which have been used 
a^c assemblages of cast-iron 

sections, pipe coils, and cop- Heated tempered 

per and brass tubes with fins ^^' 
to give extended surfaces. ( Til 

Heaters built of cast-iron sec- V— Q _ (a) 

tions and sold under the trade blow-through heater 

name of ‘^Vento’’ are in use, f- — 
but their production has been «- 
discontinued. Tdkewise steel 
and wrought-iron pipe coils 

are not used in new layouts. draw-through heater 

Except in emergencies steel is HoU,last heater arrangements, 

not a common material for 

the tubes and fins of modern heating coils. The heat-conveying 
medium used within the heater sections is either steam or forced- 
circulation hot water, although steam is perhaps the more common of 
the two. 


draw-THROUGH HEATER 


Fig. 282. Hot-blast heater arrangements. 


The location of the heater. Fig, 282, with respect to the fan is either 
on its discharge side, a hlow-through arrangementj or on its suction side 
which is termed a draw-through placement. The blow-through type 
of installation gives better facilities for by-passing part of the air 
around the heater, but it does not give the compact set-up that draw- 
through construction permits. With either heater arrangement the 
duct system attached may be either individual or trunk. 

Central fan-coil apparatus not only serves for building heating alone, 
but it is also an integral part of central ventilating and air-conditioning 
systems. In some central ventilating and air-conditioning systems 
the heating of the air handled may be only sufficient to bring it to 
room temperature or thereabouts. Other central plants, which serve 
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both as heating and as ventilating and air-conditioning systems, require 
that the heaters raise the air temperature to a value above that of the 
rooms heated. 

As compared with heating systems using direct radiation, fan-coil 
apparatus has the following points in its favor: absence of direct 
radiators which occupy room space, requires a smaller amount of 
heating surface than direct radiation, ability to provide ventilation, 
and ease of air-temperature control. 

345. Non-Ferrous Extended-Surface Blast Coils. Heater units 
consisting of either copper or brass tubes assembled between headers 



and having finned surfaces, 
mounted upon the tubes by 
either soldering or pressure con¬ 
tact or both, have the advan¬ 
tages of light weight, small space 
requirements, and ease of assem¬ 
bly. The production of the 
finished finned tube varies with 
different manufacturers. One 
coil is on the market in which 
the tubes have crimped spirally 
wound fins in firm mechanical 
contact with them, and the 
bonding is further made more 


Fig. 283. Header arrangement of Trane 
blast coils. 


effective by the application of 
solder to the parts to make the 
joint less resistant to the trans¬ 


fer of heat. Such tubes are fabricated with different outside diam¬ 


eters and with 3 and also 7 fins per linear inch of tube. Other makers 
of such equipment have different numbers of fins per unit of length 
and methods of fastening them to tubes. 

A representative form of extended-surface heating-coil constmetion 
is indicated by the details of Figs. 283 and 284. These sections have 
semi-steel headers into which either copper or brass tubes are expanded 
by the use of internal bushings as shown by Fig. 283. The sections 
are built with one and two rows of tubes, as shown by Fig. 284; when 
two vertical rows of tubes are used the second row is staggered with 
respect to the first one. The fins are mechanically held against the 
tubes by a special expanding process, and they are neither brazed 
nor soldered to the tube; the mountings of the fins are as shown by 
Fig. 283. The number of fins per linear inch of tube varies with dif¬ 
ferent sections. Thus for Trane Type-E sections. Series 66, 84, and 
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96 the number of fins per foot of tube length are 66, 84, and 96 which 
amounts to 5.5,7, and 8 fins respectively per linear inch of tube length. 



Fig. 284. Dimensions of Trane Type-E Series 96 blast coils. 


The proper assemblage of a sufficient number of sections gives the 
required face area which 


area 

should be as near a square 
as possible. In order to 
secure this shape of heater 
opening it may be necessary 
to arrange the sections in 
tiers as shown by the piping 
diagram of Fig. 285. The 
number of rows of tubes to 
give the final required air 
temperature is secured by 
banking the sections as 
shown by Fig. 285. Face 
area is the gross cross-sec¬ 
tional area inside the casing. 




Gate valve <x 



Fig. 285. Extended-surface heaters arranged 
in two tiers and two banks for hot-water 
counterflow operation. 


The section casings are flanged and 
drilled, Fig. 284; when bolted together they do not require any other 
housing and are easily attached to the duct work. 
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Performance Data for Traxe Type-E, Series 96, Blast Coils 
Steam pressure 5 psig 

Steam temperature 227 F FV = face velocity of air, All temperatures given Condensate given in pounds of water 

Latent heat = 960 Btu fpm, corrected to 70 F* in degrees Fahrenheit per hour per square foot of face area 
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♦ Free area velocity = face velocity X 1.67. Recommended maximum face velocities: public buildings, heating and ventilating 800 fpm; industrial 
applications—1200 fpm. 
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Data for the physical dimensions of Type-E Trane blast coils are 
given by Fig. 284 and Table 105. Information relative to the per¬ 
formance of a Series 96, Type-E Trane blast coil is given by Table 
106 for an operating steam pressure of 5 psig and various velocities of 
air flow and inlet temperatures. The air-friction pressure losses for 
the same equipment are given by Table 107, and the data are for the 
conditions of air at 70 F and 29.92 in. of mercury pressure. 

TABLE 107 

Friction-Pressttre liOSftKs IN Trane Typk-E, Series 96, Blast Heating Coils, 

Inches op Water 


Air temperature 70 F, barometric pressure 29.92 in. of mercury, 96 fins per ft 
Rows 

of Face Velocity, Fpm _ 


Tubes 

300 

400 

500 

600 

700 

800 

1000 

1200 

1 

0.019 

0.031 

0.045 

0.060 

0.078 

0.098 

0.142 

0.193 

2 

0.043 

0.068 

0.100 

0.135 

0.175 

0.217 

0.320 

0.425 

3 

0.062 

0.099 

0.145 

0.195 

0.253 

0.315 

0.462 

0.618 

4 

0.086 

0.136 

0.200 

0.270 

0.350 

0.434 

0.640 

0.850 

6 

0.129 

0.204 

0.300 

0.405 

0.525 

0.651 

0.960 

1.275 

8 

0.172 

0.272 

0.400 

0.540 

0.700 

0.868 

1.280 

1.700 

10 

0.215 

0.340 

0.500 

0.675 

0.875 

1 .085 

1.600 

2.125 

12 

0.258 

0.408 

0.600 

0.810 

1.050 

1.302 

1.920 

2.550 

14 

0.301 

0.476 

0.700 

0.945 

1.225 

1.519 

2.240 

2.975 


346. Required Face Area and Rows of Tubes of a Blast Heater. 

The selection of fan-coil or blast heaters is made on the required 
amount of face area and the depth of the heater expressed in rows of 
tubes. Face-area requirements are determined by the quantity of 
air to be handled per minute and the allowable face area velocity. 
Both the quantity of air handled and its allowable velocity are 
expressed in terms of standard air which is measured at a temperature 
of 70 F and a barometric pressure of 29.92 in. of mercury. Satisfac¬ 
tory face-area velocities are 600 fpm for public buildings and 1200 fpm 
in industrial plants. When the quantity of air to be handled, meas¬ 
ured under standard conditions, is Qs cfm and the allowable velocity, 
under standard conditions, is Vs fpm the required face area, in scpiare 
feet, is A/ = Qs/Vs- 

The number of rows of tubes required is dependent upon the initial- 
air temperature, the final desired air temperature, the average tem¬ 
perature of the heating medium within the coil sections, and the per¬ 
missible face-area velocity. 

The performance of blast-heater coils is influenced by the laws of 
heat transfer as affected by air velocities; heating-fluid velocities; 
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logarithmic mean-temperature difference between the two media; 
conditions of their flow, that is, laminar or turbulent; and certain 
coefficients peculiar to the heater design. Where reliable data, based 
on performance tests, are available their use is much simpler than 
attempts made to calculate the heater performance based on the known 
laws of heat transfer. The data of Table 106 are based on operation 
with steam at 5 psig and /arious face-area eloeities. When the steam 
pressures are more or less, the numerical values of the table covering 
final air temperatures and condensation rate/ per hour are changed 
for the different air velocities and initial-air temperatures. 

When blast-heater sections are operated with forced-circulation 
hot water their thermal outputs arc different than when operated 
at the same entering air temperitures and face-area velocities with 
'’*-eam at any given pre.^sure. Some coils when used with hot water 
are fitted with mechanical devices to create a more turbulent condition 
of water flow with a resultant larger output of heat than would be 

TABLE 108 

Heat-Transfer Capacities Trane Type-E, Series 96, Blast Coils with Hot- 

Water Operation 


All capacitioa aro expressed in Btn per hour, per degr(‘e of incan-temperature dif¬ 
ference b(^twoen the air and water, per row of tubes, per square foot of face area 




Without Turbulators 



With Turbulators 


Water Velocity 
I^'ps 


Air Velocity, 

, Fpm 



Air Velocity, Fpm 



300 

400 

500 

600 

700 

800 

900 

1000 

300 

400 

500 

600 

700 

800 

900 

1000 

0.5 

82 

90 

95 

100 

104 

107 

no 

112 

113 

128 

139 

149 

157 

164 

171 

176 

1.0 

101 

112 

122 

130 

135 

140 

145 

149 

124 

142 

156 

169 

180 

189 

197 

204 

1.5 

111 

126 

137 

147 

155 

161 

168 

173 

130 

150 

166 

180 

192 

203 

213 

221 

2.0 

118 

135 

148 

160 

169 

177 

184 

190 

134 

155 

173 

188 

201 

212 

223 

233 

2.5 

124 

142 

156 

170 

180 

189 

197 

205 

137 

159 

178 

194 

207 

220 

232 

242 

3.0 

128 

147 

163 

178 

188 

198 

207 

215 

139 

162 

181 

198 

213 

226 

238 

250 

4.0 

134 

155 

173 

190 

201 

213 

224 

233 

143 

167 

188 

206 

222 

236 

250 

261 

5.0 

138 

161 

180 

198 

211 

224 

236 

247 









6.0 

142 

166 

186 

205 

219 

233 

246 

257 
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the case with the normal conditions within the coils. The data of 
Table 108 are expressed in Btu per hour, per row of tubes, per degree 
of mean-temperature difference, per square foot of face area and are 
given for sections with and without turbulators. 

As an aid in the rapid determination of water velocities in Trane 
Type-E coils with two rows of tubes the data of Fig. 286 are given. 
When coils having only one row of tubes are used the velocities read 
from the graphs of Fig. 286 are multiplied by a factor of 1.9. 



U S Gaiions per minute 

Fig. 286. Water velocities in Trane Type-E coils with two rows of tubes. For 
one-row coils, multiply above water velocities by 1.9. 

When a blast coil is used for air heating with forced-circulation hot 
water as a heating medium the resistance which the coil offers to the 
water flow is of importance. The water friction losses, in feet head 
of water flowing, are given for Trane Type-E coils of different section 
lengths and velocities of flow by Table 109. 

For finned-tube non-ferrous heaters the condensation per hour is 
equal to the square feet of face area times the condensation per square 
foot of face area. The condensation rate for heaters is obtained from 
tables of performance. The total condensation per hour can also be 
determined on the basis of the weight of air, its temperature rise, and 
the latent heat, or enthalpy of evaporation, of the steam used, as 
shown by equation 137. 


0.24T7a(^2 - h) 



TABLE 109 

Friction Losses, Feet Head of Water, Trane Type-E Blast Coils When Operated with Water* 
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W^en two or more coil sections are used 30 per cent should be added for friction in intermediate piping connections. 
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where Wg — weight of steam per hour, lb. 

Wa = weight of air handled per hour, lb. 

= temperature of air entering heater, deg F. 
tz = temperature of air leaving the heater, deg F. 
hfg = enthalpy of evaporation of steam used in the heater, 
Btu per lb. 


347. Correction of Heater Air Friction-Pressure Losses to Actual 
Conditions. The air friction losses through the heater at standard 
conditions must be corrected to actual conditions. In order to do 
this the mean temperature of the air as it passes through the heater 
is required in making the correction, as the average air density is 
necessary. This mean temperature can be obtained from the equation 



where tg = temperature of the heating medium in the heater, deg F. 
t,n = mean temperature of the air as it passes through the heater, 
deg F. 

ti = temperature of the air entering the heater, deg F. 

= temperature of the air leaving the heater, deg F. 

^8 tm = mean temperature difference between the heating medium 
and the air, deg F. 


im ^8 



(139) 


When the mean temperature of the air, tm, has been computed, the 
mean density of the air, dm, is easily obtained. Examination of equa¬ 
tion 132, for friction losses, A/, reveals that certain portions of the equa¬ 
tion may be regarded as practically constant for air at 70 F or at 
any other mean temperature. These portions of the equation are 
/ X {LR/A) X {l2/2gdy,). The coefficient of friction for the heater 
does change slightly with change of air velocity because of temperature 
increase, but the change is negligible here. The factors v and d are 
changed by a change of air temperature. For air at standard condi¬ 
tions where the air friction loss hfg is known the equation may be 
stated as 


A/s — / X 


LR 

Af 


X 


I2dg 

dw 
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where A/ = heater free area, sq ft. 

Vs = free area velocity of air at standard conditions, fps. 
ds = density of air at standard conditions, lb per cu ft. 


The weight of air handled, expressed in terms of the free area of 
the heater, the air velocity, and the air density for both standard and 
actual conditions, is Wa = A/ X X = Ay X da X Va lb per sec, 


and Va 



Hence equation 132 may be rewritten for actual 


conditions: 


hfo. 


( 

fLR V “ da) 

A/ d,„ 2g 

Af ^ ^ 2g ^ da 


but the portion of the equation {fLR/A/) X {\2ds/dw) X {vs‘^/2g) is 
obtainable from published data for standard (*,onditions so that the 
corrected air friction-pressure loss through the heater is 


hfa = hfs X ^ = in. of water 
da 


(140) 


Equation 138 covers calculations where the temperature of the 
heating medium, steam, remains constant. When hot water is used 
as a transfer medium its temperature drops, as some of its heat is 
given to air passing through a blast heater. In order to maintain the 
maximum temperature difference between the water and the air and 
thus facilitate the transfer of heat in the coil, the counterflow method 
of operation is generally used. The principle involved is feeding the 
hottest water into the heater where the air leaves with its highest 
temperature and having the discharge water, at its lowest temperature, 
leave the heater at the air-inlet end where the air has the least amount 
of heat. For such conditions the mean temperature difference 
between the water and the air being handled is 


Umn ^am 


{^w2 ^ol)_ {^w 1_ ^a2) 


log, 


{tw 2 1 ) 

{twl *“ ta2) 


(141) 


where = mean temperature of water, deg F. 
tarn = mean temperature of air, deg F. 
tvj\ == temperature of entering water, deg F. 
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tw 2 = temperature of leaving water, deg F. 
tai = temperature of entering air, deg F. 
ta 2 — temperature of exit air, deg F. 

When the mean temperature of the air, tam, is desired it may be calcu¬ 
lated by use of equation 141, with a small error, taking tyjm as the 
numerical mean of t^i and ^^ 2 . 

348. Selection of a Blast Heater. The system used in this discus¬ 
sion will be that of Fig. 287 with the quantities of air as indicated and 
the following duct diameters: section one, 27 in.; two, 23.5 in.; three, 
20 in.; and four, 14 in. 

Example. A building is to be heated V>y a draw-through fan-coil system as 
indicated by Fig. 287. The air temperature desired in the occupied zone of the 
space is 60 F, and the air is to enter it at an average temperature of 130 F. One- 
fourth of the air handled is to be taken as fresh air from the outside at --20 F. 



The air will leave the heater at a temperature approximately 2 F above the average 
duct-air temperature. The building heat losses are 330,800 Btu per hr when tlu* 
inside-air temperature is 60 F and the outside-air temperature is —20 F. The 
heater is to operate with a face-area velocity of 1000 fpm at standard conditions 
for the air. The actual friction losses in the longest run of the duct are 0.114 in. 
of water, the losses in the air filter 0.200 in. of water, and in the heater to fan-inlet 
transition piece 0.05 in. of water. 

(a) Find the required size of the heater when it is operated with steam at 227 F 
and the static pressure against which the fan must operate, (h) Find the size of 
the heater when it is to function with water entering it at 210 F and leaving it at 
185 F. Determine the static pressure which the fan must overcome. 

Solution, (a) Wai the weight of air handled per hour, is 330,800/0.24(130 — 60) 
— 19,690 lb. The weight of ventilating air, is 19,690/4 = 4922 lb per hr, 
and the weight of recirculated air thereby becomes 19,690 — 4922 = 14,768 lb 
per hr. The average temperature of the air entering the heater is computed as 
[(14,768 X 60) -f (4922 X —20)1/19,690 = 40 F. Dry air at a temperature of 
70 F and a pressure of 29.92 in. of mercury has a density of 0.07492 lb per cu ft. 
The volume of the air entering the heater under standard conditions is 19,690/ 
(60 X 0.07492) = 4375 cfm. 

The required face area of the heater is flw =“ 4.38 sq ft. Inspection of 
Table 105 indicates that a single section with a 21-in. header and a coil length of 
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30 in. provides this area. Although the air-inlet opening is not square its rectangu¬ 
lar shape is near enough to that of a square so that the air as it is drawn through it 
by the fan will have a satisfactory distribution over the heating surfaces. Table 
106 shows that for the conditions indicated three rows of tubes are required to give 
the final air temperature of 132 F. This heater depth may be secured by employ¬ 
ing one 2-row and one 1-row tube h(»ater section assembled together to give three 
rows of tubes over which air flow will occur. For these conditions of operation 
the condensation is given by Table 106 as 103.7 lb .»f condensate per sq ft of 
face area per hr. The weigfit of stt am required per hour may be estimated jus 
either 103.7 X 4.38 = 454 Ib or [0.2a X 19,600(132 - 40)] -J- 960.7 = 453 lb. 

The mean temperature of the air passing through the heater is tam = 227 — 
|[(132 - 40)]/log, 1(227 - 40) -f- (227 - 132)]) = 91.2 F, and da at this tem¬ 
perature is 0.0721 lb per cu ft. 'I’a.l 107 ’ idh ib's that the friction-pressure losses 
resulting from air flow through the heater are 0.462 in of water under standard 
conditions, for this problem. The lu^ater friction-pressure losses under actual 
conditions of air flow are 0.462 (0.07192 - 0.0721) = 0.480 in. of water. 

The entrance losses at the ‘‘resh-air intake will be taken as 1.25 times the velocity 
pressure of the air passing through the inlet grille. The inlet will be designed so 
that the free-area velocity in the grille will not ex(;eed 15 fps with air at —20 F. 
Equation 122 applied to this case expresses the fresh-air inlet pressure loss or 
resistance as 1.25(12 X 0.0902 X 15 X 15) (62.3 X 2 X 32.16) = 0.076 in. of 

water. The recirculating air inlet will be larger than the outdoor inlet, and the 
density of the fresh air will be greater than that recircuhitod. Therefore the 
dampers at the two openings must bo adjusted to give th(‘ prop(*r Jiir qujintities, 
and the inlet resistance to air flow will be the calculated 0.076 in. of water. 

The static pressure against which the fan operates becomes, therefore, the sum 
of the frictional resistances to be overcome on both its siKdion and its discharge 
side. The static pressure /?« is 0.076 + 0.200 -f- 0.050 + 0.480 4-0.114 = 0.920 
in. of water. The necessary fan and the power required to drive it may be ascer¬ 
tained by use of Table 93, Chap. 13. 

(6) When the unit is to operate with hot water the reqiiired face area is deter¬ 
mined as for steam and the calculations of (a) apply. The procedure for deter¬ 
mining the necessary rows of tub<;s necessitates the estimation of th(* load on th(i 
heater, which is /f = 0.24 X 19,690(132 — 40) = 434,750 Btu per hr. Th(» 
mean-temperature difference between the water and the air as found by equation 
141 is - tam - [(185 - 40) - (210 - 132)] -f- loge [(185 - 40) (210 - 132)] 

= 108 F. The U.S. gallon contains 231 cu in., or one cubic foot is equivalent to 
1728 -i- 231 = 7.48 gal. The quantity of water required by th('> heater, as meas¬ 
ured at 210 F, is (434,750 X 7.48) [(210 - 185)59.88 X 60] = 36.1 gpm. In 

Fig. 286 the velocity of flow is shown to be 1.7 fps for a Trane Type-1^] section with 
a 21-in. header. With the velocity existent the use of turbulators is d(*sirable so 
that by interpolation of Table 108 data a heat-transfer factor of 226 is found for 
the conditions of velocities of 1.7 fps for water and 1000 fpm for air. The heat 
given off per hour per row of tubes is the product of the required face area, the 
mean-temperature difference of the water and the air, and the heat given off per 
hour per tube per square foot of face area. The number of tubes required is 
434,750/(4.38 X 108 X 226) = 4.06, which will be used as 4. The heater neces¬ 
sary can be made up of two 21 by 30 in. sections, each having two rows of tubes, 
so placed or banked that the air will flow over 4 rows of tubes. Using the mean- 
temperature difference of the water and air as 108 F, and 197.5 F as the average 
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of the initial and the final water temperatures, the average air temperature may be 
taken as 89.5 F at which its density is 0.07219 Ib per cu ft when dry. A 4-tube 
heater lias air-frietion losses of 0.640 in. of water under standard conditions for the 
velocity specification of the problem. The correction to actual conditions of 
operation is (0.640 X 0-07492)70.07219 = 0.664 in. of water. With the exception 
of the air-friction losses in the heater the other resistances to air flow are the same 
as those of (a). The calculated static pressure which the fan must overcome is 
0.076 + 0.200 + 0.050 + 0.664 + 0.114 = 1.104 in. of water. The data of 
Table 109 are such that interpolations of them may be made over limited ranges. 
On this basis the friction losses of water flowing tlm)ugh a 21 by 30 in. st^ction, 
when the velocity is stated to be 1.7 fps, may be estimated as 0.50 ft per 2-row 
section fitted with turbulators. Four rows of tubes are involved in the use of the 
two-row sections. I^osses for the section.s should include an extra allowance of 
30 per cent for intermediate piping. An estimation of head to be overcome by a 
pump, as offered by the coil sections and their connections, is 0.50 X 2 X 1.3 = 
1.30 ft. 

349. Unit Heaters. An assemblage of an air-heater section and a 
fan, which circulates air over it, within an enclosing housing embodies 
the essential requirements of a unit heater. Generally the design is 
so constituted that the complete unit, which is factory assembled, 
can be quickly installed in place with the minimum amount of work. 
For the most part no duct work or a very small amount of duct work 
is attached to unit heaters. When such a provision is made either 
the duct may be only a short connection through an outside wall for 
the purpose of bringing in ventilating air to be warmed by the heater, 
or it may be merely an attempt to draw cool air from a floor when the 
heater is placed some distance above it. This arrangement is an aid 
in securing good distribution of heated air within a space. 

Classifications of unit heaters may be distinguished by (1) the heat¬ 
ing medium, that is, steam, hot water, electricity or the products of 
combustion of gas, oil, or coal burned within them; (2) the type of fan 
used for air circulation, which may be either a propeller or a centrifugal 
unit; and (3) the arrangement of the heating surfaces with respect to 
fan location: either blow-through or draw-through arrangement. 

Low- and high-pressure steam and mechanically circulated hot water 
commonly serve as heating fluids which may be utilized in the unit 
some distance from the boiler where they receive heat from a burning 
fuel. Many installations employ gas as a fuel that is burned within the 
unit where transfer is made, through the walls of flue-gas passageways, 
of heat to the air handled by the fan. The same is true of oil and coal- 
fired installations. The latter may be either hand or stoker fired. 
Electric motors are commonly used to operate heater fans. However, 
steam turbine drives are available with the exhaust steam discharged 
to and condensed within the heater coils. 
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Unit heaters have wide applications for the heating of industrial 
buildings, machine and other workshops, garages, stores, offices, lob¬ 
bies, the heating of air for drying materials, and the heating of air to 
dissipate fogs which may arise from water vaporized in manufacturing 
processes. Compared with ceiitral-fan coil heating systems and those 
equipped with direct radiators the advantages of unit heaters lie in the 
matter of both their first cost and the spa^f- required in the building. 
Other factors in the favor of unit heat(irs 
are their light weight, capacity ranging 
from small to large, ability to reduce air 
stratification by its circulation, rai.idity 
of heating, and flexibility of air-tempera¬ 
ture control together wnih reduced costs 
e*’ heating and system simpliflcation. 

360. Types of Unit Heaters. The main 

classifications of unit heaters are the 
suspended and the floor types. Sus¬ 
pended heaters may have either propeller 
or centrifugal fans, and their position is 
generally the more common blow-through 
location rather than that of drawing the 
air through the heating element. The 
air flow of unit heaters may be in either a 
vertical or a horizontal direction. Verti¬ 
cal downward discharge units may have (Modine Manufacturing Co.) 

either stationary or revolving air outlets. Suspendiid-type 

The latter are provided to give better eater, 

distribution of the air in the space beneath them. 

361. Suspended Unit Heaters. The support of such a unit heater 
may be either from the steam or water-supply piping, Fig. 288, or 
otherwise as in Fig. 291; in any event the heater is placed above the 
zone of occupancy. This type of heater usually has some kind of 
lightweight finned tubing in the heating element as shown by Figs. 
288 and 289. which illustrate units fitted with blow-through propeller 
fans. The discharge outlets of the vertical suspended unit heater 
of Fig. 289 are rotated by a combination of a belt and an electric 
motor. Figure 290 illustrates the essential parts of a gas-fired unit 
heater, which is a suspended type of unit with a propeller fan producing 
horizontal discharge of the air. Similar units are available for installa¬ 
tion in short horizontal ducts. 

Suspended unit-heater installations are sometimes made with fresh- 
air connections from the outside together with provisions for the recir- 
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culation of room air as indicated by the arrangement of Fig. 291, 
which is fitted with a centrifugal fan. When the air dampers of the 
unit, Fig. 291, are properly adjusted and its heater coil inoperative the 
equipment can be used as a ventilator to withdraw air from a space 
and to discharge it outside the structure. The installation shown by 
Fig. 292 is that of a suspended unit heater with a propeller fan and, 
arranged to take air from near the floor level as well as from outdoors. 



(L. J, Wing Manufacturing Co,) 

Fig. 289. Vertical-discharge suspended unit heater with revolving outlets. 

362. Floor Types of Unit Heaters. A typical floor-type unit heater 
is shown by Fig. 293. The unit consists of a housing with an air inlet 
at the floor and air outlets at the top which may be arranged to dis¬ 
charge in two directions. The centrifugal fans draw the air to be 
heated through the heating coils placed just above the air inlet opening 
near to the floor. The air discharged may leave its outlets at either 
moderate or high velocities just above the top level of the occupied 
zone. Figure 294 diagramatically shows the arrangement of a floor- 
type gas-fired unit heater with a centrifugal fan discharging the air 
to be heated through the heat-exchanger section of the unit. The 
stoker-fired coal-burning unit of Fig. 295 is a floor-type factory-assem¬ 
bled unit which may be readily moved from place to place by means of 
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{Surface Combustion Corp.) 


Fig. 291. 


Fig. 290. Gas-fired suspended unit heater. 



Centrifugal-fan suspended unit heater arranged for ventilation and air 
recirculation. 














{Weatinghome Electric (7orp., Sturtevant Division) 
Fig. 293. Floor-type unit heater. 
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a crane. These heaters do not require foundations. This stoker- 
fired unit heater may also be provided with a duct system and used 
as a mechanical warm-air furnace system if desired. 

Fresh outside-air connections may be made to floor-type unit 
heaters. Floor units require space in the occupied zone; they give 
fairly uniform air temperatures in this location but care must be 
exercised that the spac ^ occupants an* i if subjected to disagreeable 
air motion in any spot. 



(Lee Engineering Co») 

Fig. 295. Tubular stoker-fired unit heater. 


363. Air Discharge from Unit Heaters. The velocities of air leav¬ 
ing unit heaters are dependent upon their type and location. The 
velocities of air leaving units may range from 300 to 2500 fpm, and 
the warmed air may be made to travel from 75 to 250 ft. Outlet-air 
velocities applicable to unit heaters are as follows: centrifugal fans 
with horizontal discharge, 1500 to 2500 fpm; propeller-fan units with 
horizontal discharge, 400 to 1000 fpm; and vertical-discharge units, 
1200 to 2200 fpm with corresponding distances of air flow in feet, 
respectively, equal to 20 to 250, 30 to 100, and up to 75. In addition 
to the direction of air into the occupied zone it is advisable to arrange 
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unit heaters to give rotational circulation of the air in the space. This 
is accomplished by placing the outlets of all heaters to blow at an angle 
with the side walls of the building so that all heaters working together 
will produce a gentle movement of all the air in the space. Possible 



Fig. 296. Unit-heater placement. 

locations of unit heaters are given by Fig. 296. Any of the arrange¬ 
ments shown can be made to give satisfactory service. When all 
the heaters are placed in the middle of the space or along one wall the 
problem of the supply and return piping is simpler than where unit 
heaters are placed along all outside walls. 



364. Supply-Piping Details. All steam and water-filled unit 
heaters require a separate supply and return connection to the heating 
element. Therefore the common use of the steam unit heaters is with 
a two-pipe system. When a one-pipe gravity-return steam system has 
unit heaters as part of its heat dispersal units, no attempt is made to 
have the condensate drain from the heater to the steam main. A 
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drain connection from the heater is run to a wet-return main and an 
ample clearance maintained between the heater element and the water 
level as it stands in the drip piping. Unit heaters may also be used 
with one-pipe steam-heating systems where a condensation receiver 
and pump are installed as in a. mechanical system. Traps are used at 
the heater outlets to seal off the steam from the drain piping, and the 
pump is used to return die condencate to i he boiler. 

Care must be taken in installing the piping for the heat carrier, 
steam or water, to choose large-enough pip^s. The venting of air 
from the heaters and piping and the remrival of water from the heater 
coils are very important.. Representative examples of steam connec¬ 
tions to unit heaters are detailed in Fig. 297. 

366. Rating of Unit Hei^ters. (^od?s,' as formulated by the Amori- 
aii Society of Tleating and Ventilating Engineers and the Industrial 
Unit Heater Association, are of value in establishing ratings for steam 
and water filled units. The code^ sponsored by American Gas Asso¬ 
ciation applies to gas-fired unit heaters. 

All unit heaters of the various types are rated on the basis of the 
heat delivered by the air emerging from them as measured in Btu per 
hour above an entering air temperature of GO F. When attempts are 
made to compare the performance of one heater with another consid¬ 
eration must be given to other criteria which include the temperature 
of the heating element and the velocity of the air passing through it. 

The basis for rating stc^am and water unit heaters is air entering 
them at 60 F and a barometric pressure of 29.92 in. of mercury when 
either dry saturated steam is used at 2 psig or heated water enters 
them at 20() F. In either case the heater is to operate free of external 
resistances to the flow of air through it. Oil-fired and gas-fired heaters 
are rated in terms of output in Btu per hour, and the gas-using equip¬ 
ment also has a further rating expressed in terms of Btu per hour 
input. Coal-fired units are rated on the basis of output, Btu per hour, 
as measured at the discharge outlets. Electric heaters are rated in 
terms of the hourly input to the unit in either kilowatts, Btu, or square 
feet of equivalent direct radiation. 

366. Air-Temperature Control. Manual control of the fan motor 
of a unit heater may be all that is required either with a single-speed 
motor or with capacitor motors having two or more operating speeds. 
With variable-speed motors, hand control may give almost continuous 
operation of the fan, and the steam is not shut off when the fan is not 

1 ^^Standard Code For Testing and Rating Steam Unit Heaters,'' 1930. *‘Stand- 
ard Code For Testing Hot Water Unit Heaters,” 1942. 

* “American Standard Approval Requirements for Gas Unit Heaters,” 1940. 
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running. The output is also controlled by the action of a room thermo¬ 
stat which starts and stops fan motors. Temperature is also regulated 
by means of a thermostatically controlled valve in the steam supply 
line to vary the amount of steam admitted to the heater coils. With 
this method of control a thermostat placed in the return line is desir¬ 
able to prevent the operation of the fan motors when steam is not being 
supplied to the coils. 

367. Selection of Unit Heaters. As in all heating systems a careful 
estimate of the building hourly heat requirements is necessary. This 
estimate must include not only the heat losses from the spaces but also 
the heat to be added to ventilating air brought in from the outside. 

The type of heater to choose depends upon the building construction 
as regards distances of blow permissible and the spaces available for 
heaters. In general, it is expedient to handle larger quantities of 
moderately heated air rather than smaller highly heated volumes, as 
the distribution problems are simpler with reasonably low tempera¬ 
tures. The number and sizes of the heaters used are dependent upon 
the local conditions of operation. When the air entering the heater is 
taken from near the floor level its temperature is considered to be that 
prevailing at the breathing-line level. 

The spacing of unit heaters depends upon the outlet-air velocity and 
temperature. High-velocity heaters may be expected to give greater 
distances of air flow. High-velocity floor units may be spaced up to 
250 ft apart and suspended-type heaters with air velocities of 250 to 
500 fpm anywhere from 50 to 100 ft apart. With any type, the spacing 
should be such that with the outlet velocity existent the maximum 
amount of induced air circulation in the occupied space will be created 
by the air leaving the heaters. 

PROBLEMS 

1. A blast coil with two rows of tubes and listed as 33 by 36 in. is operated with 
steam at 227 F and air passing its face with a velocity of 1200 fpm under standard 
conditions. The barometric pressure is 28.5 in. of mercury, and the air enters the 
heater at 30 F. Under the conditions specified find (a) the weight of air that the 
heater will warm each hour, (6) the final air temperature to be expected, and (c) 
the weight of dry steam, in pounds per hour, by two methods. 

2. A blast heater has three rows of tubes and is made up of 21 by 42 in. sections 
two tiers high. The conditions of heater operation are: barometric pressure, 
29.0 in. of mercury; steam pressure, 5.4 psig; temperature of air entering heater, 
10 F; and face velocity of air, 500 fpm standard conditions. Determine (a) the 
weight of air being handled each hour, (6) the final air temperature, and (c) the 
weight of steam used each hour as determined by two methods. 

3. Find the actual air friction-pressure losses for the operating conditions of 
both problem 1 and 2. 
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4. A blast heater is to operate with water entering it at 200 F and leaving at 
175 F when 15,760 lb of air are to be heated per hour from 50 to 143 F with a 
face-area velocity of 800 fpm, at standard conditions, when the barometric pres¬ 
sure is 29.3 in. of m<jrcury. Select a heater and find its air-friction losses and 
water-pressure loss. 

6. Determine the requirements of a blast heater which is to handle 20,000 cfm 
of entering air measured at 40 F when the barometric pressure is 29.5 in. of mer¬ 
cury if operated with a final air temperature of 135 i’ when the face velocity is 
600 fpm at standard conditions. Water is to enter the heater at 205 F and leave 
it at 185 F. Determine the dimensions of the heater, the required number of rows 
of tubes, the water-friction losses in the heater and tiiC air-friction losses through 
the heater sections. 

6 . Blast-heater coils are hi be Ubod in a ilo^.-through unit in a factory building. 
The air of the space is to be maintained at 60 F, and tiie air is to leave the duct 
outlets at a temperature of 140 F. The heal losses from the building are 1,245,000 
Htu per hr when the outshle-Ji ii* temperatiu*e is —20 F. A loss of temperature 

!■ 3 deg F will occur in the duct system, and the iieat thus lost will not be available 
for heating the building. The allowable face-area velocity at standard conditions 
is 1200 ft per min. The barometric pressure is to be taken as 29.00 in. of mercury, 
and saturated steam is available for use in the coils at a temperature of 227 F. 
One-fourth of the air to be handled is to be from the outside, and the remainder is 
to be room air recirculated. Find (a) the number of heater sections and the num¬ 
ber of rows of tubes required, (6) the face area of the heater, and (c) the weight 
of dry steam required per hour. Check the weight of steam by two methods. 

7. The fan-blast system of Fig. 287 is to operate in a building having heat losses 
equal to 950,000 Btu per hr when the inside-air temperature is 65 F and the out- 
side-air temperature is 0 F. The loss of air temperature in the ducts amounts to 
3 deg F, and the heat losses from the ducts are not available for heating the build¬ 
ing. One-third of the air passing through the heater is to be taken from the out¬ 
side, and the remainder of the air handled is to be recirculated air. The quantities 
of air handled in the various sections of the duct system are to be directly propor¬ 
tional to the quantities specified by Fig. 287 and the average outlet-air temperature 
is to be 125 F. The barometric pressure is 29.92 in. of mercury, and steam for 
heating is available at a temperature of 227 F. (a) Design a duct system with 
outlet velocities of 900 fpm giving the sizes for the conditions of this problem. 
(5) Determine the required number of finned-heater sections necessary if the frec^ 
area velocity is approximately 1200 fpm at standard conditions, (c) Find the 
static pressure against which the fan must work if the entrance losses at the fresh- 
air intake and the recirculated-air intake are 1.25 times the velocity pressure of 
the air as it passes through the free area of each inlet opening. Take the allowable 
free-area velocity is 1000 fpm under actual conditions of flow, and consider the 
free area as 50 per cent of the gross area of each inlet opening, (d) Select a fan 
for this installation, (c) Find the horsepower of the motor to drive the fan if it 
is belt driven and the efficiency of the drive is 98 per cent. 

8 . A kiln for drying materials must receive 10,800 cfm of air at 160 F when the 
barometric pressure is 29.40 in. of mercury. All the air handled is taken from the 
outside at 0 F. The suction duct of the fan is rectangular and has the same cross- 
sectional area as the face of the non-ferrous extended-surface heater which is to 
operate with a face-area velocity at 1200 fpm. The length of the inlet duct is 
10 ft, and it has no elbows. The entrance losses to the inlet duct are 1.5 times the 
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velocity pressure of the air as it passes through the inlet louvers. The free area 
of the inlet louvers is 80 per cent of the inlet duct area. The actual friction-pressure 
losses in the transformation piece joining the inlet duct to the fan may be taken 
as 0.08 in. of water. The discharge duct is rectangular in cross section, 15 ft in 
length, has no elbows, and is the same size as the fan outlet. All duct work is of 
galvanized sheet steel. The static air pressure in the kiln is 0.15 in. of water. 
Saturated steam will be supplied to the heater at 227 F. (o) Select a non-ferrous 
blast heater for this installation, (h) Find the sizes of the ducts necessary, (c) 
Select a fan for the service to be rendered, (d) What horsepower motor is required 
if the drive between the motor and the fan shaft is 96 per cent efficient? 



CHAPTER 16 


MECHANICAL REFRIGERATION APPLICATIONS TO 
COOLING AND HEATING 

368. Types of Mechanical Refrigeration Systems. Several dif¬ 
ferent systems of mechanical refrigr vat.on are used in present-day air- 
conditioning practice. The more commonly used types, which will 
be discussed in this chapter are: the compression system, the absorp¬ 
tion system, and the steam-jet system. The first system mentioned 
IS extensively used for summer cooling and is now being adapted to 
winter heating in an arrangement which is popularly called the ‘^heat 
pump.’* 

369. Fundamentals of a Compression Refrigeration System. All 

fluids behave in a manner similar to water in that they will evaporate 
if in the liquid state when heat is added or condense if in the vapor 
state when heat is taken away, at a temperature called the saturation 
temperature. The saturation temperature for any fluid depends on 
the pressure extent in the containing tube or vessel. Any fluid for 
which the relationship between saturation temperature and vapor pres¬ 
sure is suitable may serve as the working medium in a compression 
refrigeration system. 

Figure 298 is a flow diagram for a compression refrigeration system. 
All the principal parts are labeled, and the path of the refrigerant is 
indicated. The refrigerant passes through a circuit which is divided 
into a high-pressure portion and a low-pressure portion. The pressure 
is maintained at different levels in the two parts of the system by the 
expansion valve or a capillary tube at one point and by the compressor 
at another. The function of the expansion valve is to allow the liquid 
refrigerant under high pressure to pass at a controlled rate into the 
low-pressure part of the system. Some of the liquid evaporates the 
instant that it passes the expansion valve, but the greater portion is 
vaporized in the evaporator at the low pressure which is maintained 
by the exhausting action of the compressor. In evaporating, each 
pound of liquid refrigerant absorbs its latent heat of vaporization, the 
greater part of which is conducted to it through the evaporator tubes 
from the air, water, or other material which is being cooled. The 
function of the compressor is to increase the pressure of the refrigerant 

4g7 
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vapor and discharge it into the condenser. Because of the high pres¬ 
sure maintained in the condenser the vapor condenses at a compara¬ 
tively high temperature. In passing through the condenser the 
refrigerant gives up the heat which it absorbed in the evaporator plus 
the heat equivalent of the work done upon it by the compressor. 
This heat is transferred through tubes to the air or water which is 
used as the condenser cooling medium. 


Hot 


Cold 


High-pressure vapor 


'Condenser cooling 
medium(air or water) 
absorbs heat from 
condensing refriger¬ 
ant vapor 


Condenser, heat given up by 
refrigerant vapor 


Liquid refrigerant 
under high pressure 


Liquid under 
high pressure ^ 


Liquid 

receiver 


Compressor 
increases 
. pressure of 
refrigerant 


*ti iciiigciai 


U' 


Evaporator, heati«| 
absorbed by 
evaporating 
refrigerant liquid 


/-tX| 

i ''' 


Expansion valve allows 
liquid refrigerant to 
pass to low-pressure 
side of system 


^Low-pressure 


^ Liquid and some vapor 


Low-pressure 
vapor 

Hot 


C 


3 


^See 

note 


Cold 


Note: Medium to be cooled may 
be the air that is conditioned or 
it may be water or brine to be 
used in turn as a cooling agent 


Fig. 298. Flow diagram for a compression refrigeration plant. 


It may be said that this system serves as a heat pump since it is 
capable of absorbing heat at a low temperature level and discharging 
it at a high temperature level, just as a pump is capable of taking in 
a liquid at a low pressure level and discharging it at a high pressure 
level. The compression refrigeration system is analogous to an ordi¬ 
nary pump in that the amount of energy required to transfer a given 
amount of heat from the low temperature level in the evaporator to the 
high temperature level in the condenser is proportional to the mag¬ 
nitude of these two temperature levels on the absolute temperature 
scale. 

360, Coefficient of Performance. Since the purpose of the system 
is to transfer heat from a low temperature level to a high temperature 
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level through the expenditure of energy in the form of power, and, 
since the amount of heat transferred is usually greater than the heat 
equivalent of the power supplied, the performance of such a system 
cannot logically be expressed as an efficiency, so the term coefficient 
of performance has been substituted. 

The coefficient of performance may be defined as the ratio of the 
heat absorbed by the refrigerant as it pa,'ses through the evaporator 
to the heat equivalent of the energy supplied to the compressor. 

_ Heat ahs(> rh od in evapora tor, Rtu per hour 
Horsepower :iippli d compressor X 2545 

In terms of the euLhalpiiiS of the circulating refrigerant at the critical 
points in the cycle (aj^suinuig no comnrcssor-cylindcr heat losses) 

COP = ~ ~ (142) 

where hi = enthalpy of the refrigerant entering the evaporator, Rtu 
per lb. 

/i 2 = enthalpy of the refrigerant leaving the evaporator, Rtu 
per lb. 

hz = enthalpy of the refrigerant entering the compressor, Rtu 
per lb. 

/i 4 == enthalpy of the rcifrigerant leaving the compressor, Rtu 
per lb. 

The enthalpy hz of the refrigerant as it enters the compressor will 
ordinarily be practically the same as the enthalpy /i 2 as it leaves the 
evaporator, provided that the pipe line between these two points in 
the system is well insulated. Similarly the enthalpy hi will usually 
be nearly equal to the enthalpy of the licpiid leaving the condenser 
and may be determined more conveniently from measurements taken 
before the expansion valve at 1', Fig. 298, provided that the pipe line 
between the expansion valve and the evaporator is well insulated. 
The temperature of the refrigerant decreases abruptly from a tempera¬ 
ture that is approximately that of the condenser to a temperature 
that is approximately that of the evaporator as it passes through the 
expansion valve. However, this phenomenon produces no change in 
enthalpy as the enthalpy of the liquid is decreased by exactly the 
amount that the enthalpy of vaporization is increased when a small 
portion of the liquid flashes into vapor. 

361. Method of Rating Refrigeration Machines. The unit of 
capacity generally used in rating refrigeration machines is the ton. 
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A refrigerating machine is said to have developed a ton of refrigeration 
when its circulating medium has absorbed 288,000 Btu in the evapa- 
rator. This is the amount of heat that would have to be absorbed 
from one ton of water at 32 F in converting it to the same weight of ice. 
Refrigerating units are usually rated in terms of their capacity in 
tons per 24 hr; i.e., a machine having a rated capacity of one ton would 
be capable of absorbing 288,000 Btu in 24 hr. This rate of heat 
absorption is equivalent to 12,000 Btu per hr or 200 Btu per min. 

The capacity which any compression-type refrigerating machine 
may develop is affected by the pressures which the compressor must 
maintain at its suction and discharge openings when the system is in 
operation. The standard rating of a refrigerating machine using a 
liquefiable vapor is the number of tons it delivers under standard 
conditions, which are defined as the respective pressures corresponding 
to saturation vapor temperatures of 5 F at the compressor intake and 
86 F at the compressor discharge. It is further stipulated that the 
liquid entering the expansion valve shall be subcooled 9 deg F and that 
the vapor shall be superheated 9 deg F as it reaches the suction side 
of the compressor. The actual pressures which constitute standard 
conditions for any particular refrigerant may be obtained by referring 
to a suitable table giving the properties of that fluid. These pressures 
are given for several refrigerants in Table 110. 

If actual operating conditions require a pressure at the compressor 
outlet that is higher than standard or a pressure at the compressor 
inlet that is lower than standard, the unit cannot be expected to develop 
its standard rating. The capacity of a compression refrigeration 
machine using an air-cooled condenser may be materially reduced 
during hot weather because the compressor is then called upon to 
maintain a pressure at its discharge which is considerably higher than 
standard. Conversely, a machine may develop a capacity exceeding 
its standard rating if the pressure differential required under operating 
conditions is less than that under standard conditions. A manufac¬ 
turer of refrigerating equipment usually assigns several ratings to 
each unit in its line in addition to the standard rating. The applicable 
rating for any particular unit under consideration would then depend 
on the conditions under which it would operate in the proposed installa¬ 
tion. Table 111 is an excerpt from a table showing several ratings and 
the corresponding required brake horsepower for a 4 by 4 in. ammonia 
compressor operating at 400 rpm. 

362. Refrigerants for Air Cooling. Quite a number of media can 
be used as refrigerants, but those most practical for air conditioning 
are relatively few in number. Possible refrigerants are: water, H 2 O; 
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TABLE 111 

Refrigerating Capacity Developed and Brake Horsepower Required by a 
4 BY 4 In. Twin-Cylinder Ammonia Compressor Operating at 400 Rpm* 


Discharge 

Pressure 

Psi Gage 
and Cor¬ 
respond¬ 
ing Tornp- 
perature, 

F 

Capac¬ 

ity 

and 

Horse¬ 

power 

Suction Pressure Psi Gage and Corresponding Temperature, F 

5 

-17.2 F 

10 

- 8.4 F 

15.7 

0 F 

20 

-P 5.5 F 

22.5 

4 11.3 F 

25 

4 11.3 F 

30 

+ 16.6 F 

95 psi 

Tons 

2.82 

3.73 

4.77 

5.58 

6.04 

6.50 

7.49 

4- 

Bhp 

5.72 

5.98 

6.26 

6.29 

6.30 

6.31 

6.28 

115 psi 

Tons 

2.65 

3.50 

4.49 

5.27 

5.72 

6.17 

7.12 

+ 70.4 F 

Bhp 

6.04 

6.41 

6.75 

6.88 

6.95 

7.00 

7.03 

135 psi 

Tons 

2.48 

3.29 

4.24 

5.0 

5.43 

5.87 

6 77 

-P 78.7 F 

Bhp 

6..30 

6.76 

7.21 

7.39 

7.48 

7.58 

7.68 

155 psi 

Tons 

2.33 

3.12 

4.03 

4.75t 

5.17 

5.59 

6.46 

86.15 F 

Bhp 

6.48 

7.07 

7.59 

7.87 

8.03 

8.10 

8.28 

165 psi 

Tons 

2.25 

3.04 

3.93 

4 64 

5.05 

5.46 

6.31 

89.65 F 

Bhp 

6.55 

7.17 

7.77 

8.10 

8.21 

8.37 

8.52 

175 psi 

Tons 

2.19 

2.95 

3.83 

4.52 

4 93 

5.34 

6.17 

93.05 V 

Bhp 

6.71 

7.30 

7.93 

8.28 

8 43 

8.55 

8.75 

185 psi 

Tons 

2.01 

2.88 

3.74 

4.42 

4.82 

5.23 

6.04 

96.25 F 

Bhp 

6.81 

7.40 

8.07 

8.46 

8.61 

8.78 

9 01 


* Vilter ManufacturinfC Company, 
t Standard rating. 


carbon dioxide, CO 2 ; ammonia, Nils; sulfur dioxide, SO 2 ; dichlorodi- 
fluoromethane, CCI 2 F 2 , commonly known as Freon, F-12; monofluoro- 
trichloromethane, CCI 3 F, commonly called F-11 and Carrene number 
2 ; and methyl chloride, CII 3 CI. 

Several significant physical and thermal properties of the above- 
mentioned refrigerants are given in Table 110. 

It may be observed from the data of Table 110 that the pressures 
required for water vapor in the standard temperature range arc very 
low and that the pressures for carbon dioxide in the same range are 
very high. All the other refrigerants listed require pressures which are 
more easily obtained. 

The weight of refrigerant which must be circulated per ton of refrig¬ 
eration produced depends principally upon the latent heat of vaporiza¬ 
tion of the refrigerant used. The volume of gas which must be 
compressed per pound of refrigerant circulated depends upon its 
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specific volume as it enters the compressor cylinder. The work 
required in the compressor cylinder per cubic foot of vapor entering 
is proportional to the difference between the pressure of saturated 
vapor at 86 F and the same property at 5 F when the system is oper¬ 
ated under standard conditions. The standard-cycle theoretical 
horsepower required per ton of refrigeration produced is the best 
measure of the efficiency of the refrigerain and is affected by all three 
of the properties which have just been mentioned. It may be noted 
that when carbon dioxide and water arc eliminated from consideration, 
the power requirements are approxin'.ately the same for all the other 
refrigerants included in the preced.ug list. The table also includes 
several additional information items in regard to each of the refrigerants. 

Water is inexpensii'e^ nr u-toxic to the human body, and is easily 
/•ontrolled. However, large volumes of the vapor must be handletl 
at extremely low pressures in certain portions of the system. Special 
apparatus for the employment of water as a working medium to pro¬ 
duce a refrigerating effect in air-conditioning systems is described in 
Art. 365. 

Because of the extremely high pressures required and the expensive 
compressor and piping necessary to handle them, carbon dioxide is 
being used less and less as a refrigerating medium. 

Ammonia is a common refrigerant in ice-making and cold-storage 
plants. It has a higher latent heat of vaporization than any other 
refrigerant except water and has several other desirable properties, 
but, because of its bad effects on the human body if it escapes from the 
system, it is seldom used in air-conditioning work. 

Sulfur dioxide is still used in many household refrigerators, but, 
principally because it is an irritant, most manufacturers of such 
equipment now prefer to use one of the newer refrigerants. It is non- 
explosive and has some lubricating properties when in the licpiid phase. 

Freon-12 is a refrigerant which can be handled in a satisfactory 
manner by any type or size of reciprocating compressor. It is con¬ 
sidered as a safe refrigerant although some of its decomposition prod¬ 
ucts when it is subjected to high temperature are poisonous. Its 
principal disadvantages are its low latent heat of vaporization and the 
high cost of producing it. 

Carrene number 2, sometimes called F-11, has only slightly toxic 
effects on the human body, and its vapor can be readily handled by 
centrifugal compressors because of the low pressure required in the 
condenser. 

Methyl chloride though classed as an explosive is not readily ignited. 
It produces some toxic effects but necessitates only a moderately high 
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pressure in the condenser and is well adapted to use in systems employ¬ 
ing small reciprocating compressors. It possesses good pressure, 
volume, and thermodynamic characteristics, but it is seldom used in 
large-capacity units because of safety considerations. 

Tables giving data useful in the design or operation of refrigerating 
systems for all the refrigerants which have been discussed plus certain 
others may be found in the Refrigerating Data Book.^ 

363. The Absorption Refrigeration System. Figure 299 shows a 
simplified flow diagram for an absorption refrigeration system. The 



Fig. 299. Flow diagram for an absorption refrigeration plant. 

principle of this system is identical with that of the compression system 
except in the manner in which the pressure of the refrigerant vapor is 
increased prior to its condensation in the condenser. The compressor 
of the compression system is replaced by the absorber, the pump, and 
the generator in the absorption system. Instead of compressing the 
low-pressure refrigerant vapor from the evaporator pressure to the 
necessary condenser pressure, it is first absorbed by a weak solution 
of the refrigerant in water. The strong solution thus formed is then 
pumped into the generator where it is heated. In the heating process 
the refrigerant vapor is driven out of the solution and conducted to 
the condenser under the necessary pressure. 

' Refrigerating Data Bookj American Society of Refrigerating Engineers, 60 
West 40th Street, New York, New York. 
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Considerably more apparatus is required for the operation of the 
absorption system, but the cost of operation may be lower than that 
of a comparable compression system where exhaust steam or some 
other low-cost heating medium is available for use in the generator. 
Inasmuch as a given volume of the solution will absorb many times 
that volume of vapor, the volume handled by the pump of the absorp¬ 
tion system is small compared to the voliinn^ handled by the compressor 
of the compression system, and the power costs are proportionately 
lower. Ammonia is the refrigerant best suit'^d to this system. 

364. Water Vapor Refrigeration. Thus far the refrigeration cycles 
considered have involved putoing the gaseous refrigerant under 
increased pressure, condensing it, and then dropping its pressure so 
that vaporization of the r^drigerant will occur with the consequent, 
absorption of heat from tlie fluid (eitlier water, brine, or air) cooled. 
Water-vapor refrigeration is also a compression cycle in which a por¬ 
tion of the water handled is made to vaporize at extremely low abso¬ 
lute pressures. Tn such operation the unvaporized portion of the water 
loses sensible heat, and the vaporized portion of the water gains latent 
heat in the chamber where evaporation takes place. As a result 
of this heat transfer the water not vaporized has its temperature 
decreased. 

Steam-jet and centrifugal compressors are devices used in the pro¬ 
duction of the low-pressure region in which flashing of water into vapor 
occurs. These appliances also remove from the evaporating chamber 
the large volumes of water vapor formed together with its entrained 
air and other gases and put the vapor-gas mixture under sufficient 
pressure so that it will flow to the condenser. The vacuum required 
for the vaporization of the water ranges from 29.5 to 29.75 in. of 
mercury referred to a 30-in. barometer and is dependent upon the 
final water temperature which is to be secured. 

366. Steam-Jet Refrigeration Apparatus. Commercial equipment 
for the production of refrigeration by means of steam jets, using water 
as the refrigerant, is shown in Fig. 300. Steam passing through the 
nozzles of the primary ejector acquires a high velocity and aspirates 
the vapor and gases from the evaporator chamber to produce a low 
pressure within it. The warmed water, returning from air washer 
or cooling unit, is broken into a spray in the evaporator chamber and 
a small part of it, usually less than one per cent, flashes into vapor. 
The remainder of the water is cooled, losing an amount of sensible 
heat equal to the latent heat taken up by the vapor. As a result it is 
possible to cool water to 40 F if a vacuum of 29.75 in. of mercury, 
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referred to a 30-in. barometer, can be maintained in the evaporating 
chamber. 

The steam passing through the primary ejector and the vapor taken 
from the flash chamber or evaporator are condensed in the primary con¬ 
denser, in which a vacuum is also maintained. In order to maintain a 
sufficiently low pressure in the primary condenser a secondary steam 
ejector is used to remove the air and non-condensable gases from it. 
The secondary ejector is served by the water-cooled intercondenser 
which reduces to water most of the steam and vapor handled by the 
first secondary ejector. Any uncondensed vapor and the non-con¬ 
densable gases removed from the evaporator chamber escape to the 
atmosphere. 



Steam at any pressure above 12 to 15 psig may be used in the 
ejectors. The higher the initial steam pressure the less the steam 
requirements per unit of refrigeration. Figure 301 gives data^ relative 
to the steam consumption of steam-jet refrigeration units. An initial 
steam pressure of 125 psig gives about the best operating results 
with steam-jet refrigeration as far as the amount of steam required per 
unit of refrigeration is concerned. Pressures above 125 lb produce 
little reduction in the steam consumption per ton of refrigeration. 
Reduction of the initial steam pressure below 125 psig requires a greater 
amount of steam to produce a given refrigerating effect. Thus with an 
initial steam pressure of 50 psig the amount necessary will be approxi¬ 
mately 1.14 times that required with 125 psig and that with 10 psig 
1.66 times as much. The lowest practical steam pressure is in the 
neighborhood of 2 psig. 

• ‘‘Refrigeration by Steam Jet,” by D. W. R. Morgan, Power, p. 506, September 
1934. 








Steam useu, tiie a- 
the size of the mj 
enters the conden 


Fia. 301. Steam ai 


366. Red 

made in many difi 
with capacities v 
pressor is invarij 
Freon-12 with w 
Sii 











508 


MECHANICAL REFRIGERATION 


ity of present-day designs are arranged to be driven by electric motors 
through multiple V belts. Small units of 5-ton capacity or less may be 
arranged integrally with an ahrcooled condenser, fan blades on the 



compressor flywheel pro¬ 
viding the required air cir¬ 
culation over the condenser 
tubes. Figure 302 shows a 
3 -hp unit with integral air¬ 
cooled condenser, and Fig. 
303 shows a two-cylinder 
water-cooled ammonia com¬ 
pressor rated at 100 tons 
under standard conditions. 
As a general rule approxi¬ 
mately one horsepower of 
motor capacity for driving 
the compressor is required 


(Curtis Manufacturing Co.) 

Fig. 302. Self-contained motor-driven refrig¬ 
eration unit with air-coolcd compressor and 
condenser. 


for each ton of refrigerating 
capacity of the system. 

367. Centrifugal Com¬ 
pressors. This type of 



(Vilter Manufacturing Co.) 

Fig. 303. Two-cylinder, water-cooled, 
100-ton capacity ammonia compressor. 


compressor is well adapted to 
the handling of refrigerani.s 
such as ('arrene number 2, 
whore the volume passing 
through the compressor is com¬ 
paratively large and the re¬ 
quired increase in pressure is 
comparatively small. One ad¬ 
vantage of the centrifugal com¬ 
pressor is that its high rotative 
speed makes it suitable for 
direct connection to electric 
motors or steam turbines, 
thereby simplifying the drive 
and effecting a saving in floor 
space. Another advantage is 
that there are no piston rings 
or valves to wear out so that 


maintenance of this type of compressor would, in general, be less costly. 

The efficiency of compression is usually lower with the centrifugal 
compressor than with the reciprocating type, but this disadvantage 
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may be more than offset by the advantages which have been previously 
discussed. 

Figure 304 shows the arrangement of a centrifugal compressor for use 
with Carrene number 2. The operation of the compressor under 
standard conditions produces a vacuum of 24 in. of mercury in the 
cooler where liquid Carrene is allowed to fall from the distributor plate 
over tubes. A centrifugal pump lifts ti o licpiid refrigerant from the 
base of the cooler to the spa'*e above the distributor plate. At the 
low pressure within the cooler chamber the refrigerant boils and 



(Carrier Corp.) 

Fig. 304. Centrifugal-compressor refrigeration unit. 


abstracts its latent heat from either water or brine flowing through the 
cooler tubes. The refrigerant vapor formed passes between eliminator 
plates to remove slugs of liquid. The gas then passes through the 
compressor where its pressure is increased to 3.58 psig. At this pres¬ 
sure the gaseous refrigerant enters the condenser where it is reduced 
to a liquid by w^ater passing through the condenser tubes. The heat 
taken from the Carrene in the condenser is carried away by the 
condenser cooling water. The liquid Carrene falls to the space at the 
bottom of the condenser, and from there it passes through a float trap 
into the cooler where the cycle begins again. 
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368. Refrigerating Machine Condensers. These parts of a refrig¬ 
erating system are of great importance as it is within them that the 
heat acquired by the refrigerant in the system is disposed of at a com¬ 
paratively high temperature level. 

In general, condensers may be divided into two groups, those cooled 
by air and those cooled by the action of water. Air-cooled condensers 
are employed only with small units, outside air being forced over the 
cooling tubes by the action of a fan or blower. Air-cooled condensers 
usually cause the refrigerant to discharge its heat at a higher tempera¬ 
ture level than water-cooled condensers. Consequently the power 



{The Trane Co.) 

Fig. 305. Evaporative condenser. 

requirements per ton of refrigeration are greater with air-cooled units 
than with water-cooled units. 

Water-cooled condensers are built as shell and tube units with one 
or more water passes, double-tube condensers, and tubular units upon 
which the cooling water is sprayed. The condenser of Fig. 304 is 
a shell and tube type in which the refrigerant to be cooled and lique¬ 
fied is confined within the shell surrounding the tubes through which 
water is circulated. Double-tube condensers have inner tubes through 
which water is circulated and outer tubes surrounding the inner tubes, 
the refrigerant being confined in the spaces between them. 

Evaporative condensers. Fig. 305, have considerable use. They 
may be installed either indoors or outdoors. The action of an evapora¬ 
tive condenser is secured by spraying water upon the tubes of a refrig¬ 
erant cooling coil located within the unit housing. The water trickles 
over the tubes in a direction opposite to the flow of air produced by a 
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fan. Cooling of the water occurs as some of it vaporizes in the air 
stream. The water falls to a bottom reservoir from which it is taken 
by a pump and discharged through the sprays. The condensed refrig¬ 
erant collects in a receiver at the bottom of the apparatus. The cooling 
water is recirculated, and about 10 per cent of the water handled is 
evaporated to cool the water and thereby condense the refrigerant. 
This results in a saving of about 90 per ceai, of the water that otherwise 
would be required for condensing purposes. When an interior installa¬ 
tion is made a duct is necessary to convey cooling air from outdoors to 
the unit, and an exhaust duct is r-^quired to carry away the heated 
and humidified air. 


Air Outlet 



(Binks Manufacturing Co.) 

Fig. 306. Cooling towers. 

369. Methods of Reducing the Temperature of Recirculated Con¬ 
denser Cooling Water. Cooling by water in condensers is a very effec¬ 
tive method of disposing of heat put into the refrigerant during the 
cycle. In large plants a considerable quantity of condensing water 
may be required. The cost of this water may be a rather large item 
in the expenses of operation if it is discharged to the sewer. l>ack of 
an adequate water supply and prohibition of drawing large quantities 
of it from city mains and also of discharging it to sewers have led to 
the introduction of methods of cooling and reusing condensing water. 
The principles of the methods of reducing the temperature of condens¬ 
ing water before using it again are essentially the same as those of 
power plants where the steam condenser water is used again and again. 
One method is spraying the water into the air where it loses some heat 
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by contact with the air but more largely by the evaporation of some 
of the water sprayed. The water may fall from the sprays into a pond 
from which it is withdrawn as needed. The spray pond is not practical 
with most buildings in cities because of the lack of space. The com¬ 
monest alternative is some form of a cooling tower located upon the 
building roof. The water is sprayed into a tower filled with lattice- 
work or other filling over which the water trickles. Air either by 
gravity flow or by the action of a fan is forced upward through the 
filling, and evaporative cooling takes place as some of the water 
handled is evaporated. It is, of course, necessary to supply the small 
amount of make-up water from city mains to replace that evaporated. 
Small units embodying many of the features of an air washer may be 
installed either indoors or outdoors with outside air circulated l)y 
means of a fan through the spray chamber. Such units arc shown by 
Fig. 306. 

The principles of adiabatic saturation apply to water cooled by 
means of sprays; theoretically the lowest temperature to which the 
water may thus be reduced is the wet-bulb temperature of the air 
coming in contact with it. As in adiabatic saturation the efficiency E 
obtained is 

E = 7-^* X 100 (143) 

h — t 

where h = temperature of the water entering the cooling tower, deg F 
t 2 = temperature of the water leaving the tower, deg F 
= wet-bulb temperature of the air, deg F 

The cooling efficiencies may range from 50 to 75 per cent. 

370. Expansion Valves. The expansion valve is a small but very 
important part of either a compression or an absorption system. Its 
purpose is to allow the liquid refrigerant to pass into the evaporator 
at the proper rate. Full utilization of the heat-transfer surface 
requires the presence of liquid refrigerant in all parts of all of the tubes. 
However, it is important that no liquid be carried out of the evaporator 
with the vapor that is returned to the compressor; it is therefore the 
usual practice to maintain a few degrees of superheat in the refrigerant 
at this point in its circuit. 

Figure 307 is a sectional view of a thermostatic expansion valve 
which is designed to automatically regulate the flow of liquid refrigerant 
into the evaporator so that the vapor leaving is always superheated 
approximately 10 F. The liquid refrigerant enters at M and passes 
through the strainer J to the orifice Q. The needle valve P is attached 
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to a yoke member which is rigidly attached to the bellows 1 in the 
valve body. When the pressure in the body, which is the same as the 
pressure in the suction line to the compressor, increases, it actuates this 
bellows and pulls the valve against its scat. A decrejise in this pressure 
tends to open the valve. The power element F contains a bellows V 
which is attached by means of the capillary tube 0 to the feeler bulb K 
which may be attache(' to the compress^ i suction pipe at the evapo¬ 
rator outlet. The feeler bulb is charged with refrigerant so that the 
pressure exerted on the bellows L‘ is dccermined by its temperature. 



F. Powor element 
(7. (’apillary tube 

H. Stainless-steel extension 

I. Bo<ly bellows 

J. Inlet strainer 

K. Feeler bulb 

L. Strainer gasket 

M. Inlet connection 
Needle swivel 

O. Plug, hermetically scaled 

P. Needle 

Q. Seat 

R. Outlet connection 

S. Push rod 

T. Anti-chatter device 

U. Power element bellows 
F. Factory adjustment 


Fig. 307, Thermostatic expansion valve. 


The bellows U works against the bellows / through the push rod S so 
that an increase in the temperature of the feeler bulb tends to cause the 
needle valve to open. Since the pressure in the valve body and in 
the bellows I is determined by the evaporating temperature and the 
pressure in the bellows U by the temperature of the vapor leaving 
the evaporator, the operation of the expansion valve is controlled 
by the difference between the two or the number of degrees of super¬ 
heat. Tests have indicated that a thermostatic expansion valve of 
this type will maintain practically a constant number of degrees of 
superheat in the vapor leaving the evaporator over a wide range of 
operating pressures. 
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371. Direct Expansion Coils. Figure 308 shows a type of evapo¬ 
rator known as a direct expansion coil in which the refrigerant is used 
to cool the air directly. Use of a coil of this type results in a less 
complex air-cooling and dehumidifying system than is the case when 
the air is cooled with chilled water which in turn must be passed 
through another heat exchanger which transfers heat from it to the 
evaporating refrigerant. The coil shown in Fig. 308 is the preferred 
construction in which each section is separately fed with liquid 
refrigerant from a manifold by means of a small tube. The liquid 
refrigerant is fed into the tubes through distributors at a controlled 
rate by the expansion valve. 



{Kennard Corp.) 

Fig. 308. Direct-expansion coil. 


372. Heat Exchangers for Preparing Chilled Water. Although the 
system is necessarily more compliiiated when chilled water is used as 
the air-cooling medium instead of the refrigerant, it is frequently 
advantageous to use it in large buildings where it is necessary to pro¬ 
vide several separate air-conditioning units. It is often possible to 
provide a compressor, a condenser, and a combination evaporator 
and water cooler, each with sufficient capacity to handle the entire 
cooling load of the building (see Fig. 304), The chilled water fur¬ 
nished by such a unit is then distributed through insulated pipes to 
the several cooling units located in different parts of the building. 
The employment of this overall scheme results in the centralization 
of all the equipment which handles the refrigerant, thereby reducing 
the initial investment, saving floor space, reducing maintenance 
charges, and reducing to the absolute minimum the number of joints 
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in the refrigerant circuit and thus the chances for loss of costly refrig¬ 
erant. When a toxic refrigerant such as ammonia is used, safety 
regulations do not permit its evaporation in a direct-expansion coil. 

373. Reversed Refrigeration Used for Heating. Article 359 in 
brief indicates that a refrigeration system is in effect a heat pump 
which can absorb heat at a low temperature ’evol and discharge it at 
a higher temperature le\ el. Systems are ^.^ed extensively for pumping 
heat from refrigerated materhas or spaces and discharging it to any 
available cooling medium such as water or air. They can also be used 
for pumping heat from any availabh- heat source, such as the outdoor 
air, the ground, or the water in v well, and discharging it to air or 
water at a comparatively high temperature which in turn may be 
used for lieating building.- during cohl weather or heating water for 
•^r* ice retpiircments. 

B(icause the heat transferred from the heat source to the heating 
medium may be a much greater amount than the heat eciuivalent of 
the power required by tlie compressor, the cost of operating such a 
system for the purpose of heating may not exceed the cost of operating 
systems in which heat is derived from the burning of fuels. In 
localities where electric power is obtainable a(. less than one cent per 
kilowatthour the cost of heating by means of reversed meclianical 
refrigeration may be less than the cost of operating any type of con¬ 
ventional heating system. 

At the present time the initial cost of a compression refrigeration 
system arranged for heating is considerably greater than the cost of 
any conventional heating system of comparable capa(;ity. However, 
a refrigeration system properly installed may be used for summer 
cooling as well as for winter heating, and the required outlay for such 
a unit may be less than the combined cost of a conventional heating 
plant and a conventional summer-cooling system. 

374. Possible Apparatus Arrangements. Figure 309 is a diagram 
of the simplest type of reversible compression refrigeration system in 
which the source of heat for winter heating is the outdoor air. The 
damper positions shown are for winter heating. Fan 1 draws outside 
air over the evaporator where it gives up heat which is transferred 
through the metal tubes to the evaporating refrigerant liquid. This 
air is then discharged back to the outside at a lower temperature than 
that at which it entered the system. The low-temperature refrig¬ 
erant vapor passes to the compressor where its pressure is raised to 
the necessary level such that it can be condensed in the condenser at a 
temperature that is considerably higher than that of the recirculated 
air. The dampers direct this air which is handled by fan 2 over tlie 



516 


MECHANICAL REFRIGERATION 


condenser tubes where it absorbs heat from the condensing refrigerant. 
The heat which the refrigerant gives up to the air as it passes through 
the condenser is equal to that which it absorbed in the evaporator 
plus the energy that was added due to the work done upon it by the 
compressor. The heated air from the condenser is delivered by fan 
2 to the conditioned space and the liquid refrigerant passes through 
the expansion valve on its way to the evaporator and the completion 
of its circuit. 

By turning all of the dampers 90 deg, which may be accomplished 
automatically by suitable thermostatic controls, the system is put 
in a position to cool the air delivered to the conditioned space instead 


Expansion valvei 

/Outside air | ^E vaporator 
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nr 


'‘Outside air I 

High-pressure J 
refrigerant vapor^ 



Compressor 
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outside 
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[Condenser^ , 


Fan 2 


^Low-pressure 
refrigerant vapor 


yd: 
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space 


Note: Recirculated air 
from conditioned space 


Fig. 309. Dual-purpose heat pump adjusted for winter heating. 


of heating it. The operation of the refrigeration system is exactly the 
same when the dampers are positioned to provide summer cooling as 
when the apparatus is used for winter heating. When all the dampers 
indicated in Fig. 309 are turned 90 deg from the positions shown, the 
outside air passes over the condenser tubes where it absorbs heat from 
the condensing refrigerant, and the recirculated air from the condi¬ 
tioned space is cooled by the evaporating refrigerant liquid as it passes 
through the evaporator. With the dampers arranged for summer 
cooling, fan number 1 returns the heated air to the outside, and fan 
2 delivers the cooled air to the conditioned space. 

Figure 310 illustrates a commercially available packaged heat 
pump’’ designed to abstract heat from a stream of outdoor air when 
heating is required and to dissipate heat to the same medium when 
there is need for cooling and dehumidification. The unit shown in 
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coil in the air stream from and to the conditioned space serves as the 
condenser during cold weather and as the evaporator during hot 
weather. This scheme eliminates the necessity of dampers and alter¬ 
nate air passages and facilitates the arrangement of all the apparatus 
in a housing of reasonable proportions. 

The apparatus arrangements shown in Figs. 309 and 310 may con¬ 
stitute satisfactory heat pumps for use in a climate where the outdoor 
temperature never falls below 20 F. However, in localities where 
lower temperatures may prevail during the coldest weather, it is 

necessary to obtain heat 
from another source if the 
heating load is to be met 
without the installation of 
excessively expensive 
equipment. 

Water may be used in 
place of outdoor air as a 
source of heat for winter 
heating and may also serve 
as a satisfactory cooling 
medium for the condenser 
during hot weather. The 
water may be taken from 
city mains, or from a well, 
and discharged into a sewer 
or drain, or it may be cir¬ 
culated through the casing 
of a deep well. Water may 
also be circulated through 
pipes buried in the ground. 
In any case a heat pump 
which uses water as a source 
Fig. 311. Hoat pump with ground coils of heat is necessarily more 
through whi<rh water is circulated as an inter- complex than one in wllich 
mediate heat-transfer medium. heat is obtained from, or 

discharged to, a stream of 
outdoor air. Figure 311 shows a possible layout of a system in which 
water circulated through a coil buried in the ground serves as the 
source of heat or the sink for waste heat, as the occasion demands. 
With this arrangement no change is required in the air-handling system 
when switching from winter heating to summer cooling, or vice versa. 
The dampers shown are for varying the proportion of fresh air, and 
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their settings are independent of the type of processing to be done. 
A coil by-pass is provided so that part of the air stream may be cooled 
sufficiently to produce dehumidification without delivering air to the 
conditioned space that is too cool for comfort. Likewise, the path 
of the refrigerant is not affected by the type of service performed by 
the system. Four valves labeled S and four others labeled W arc 
provided for properly lirecting the fltn\ of water to accomplish the 
desired purpose. The valves ^vhich are labeled S are to be open during 
summer weather and closed during the winter time. Similarly the 
valves labeled W arc to be (#pen in the winter and closed during the 
summer. During sumtuer operation pump 2 circulates water from 
the buried coil througli the condenser tubes and back to the coil. 
Tiie water absorbs heat from the condensing refrigerant in passing 
through the condenser and loses it to the soil in passing through the 
ground coil. Pump 1 provides circulation in another closed circuit 
consisting of the evaporator and the coil in the air stream. In the 
overall processes heat is removed 
from the air that is being cooled by 
the water handled by pump 1, 
which transfers it to evaporating 
refrigerant in the evaporator. The 
refrigerant vapor then transfers the 
heat to the condenser where it is 
picked up by the water in the other 
water circuit which in turn trans¬ 
fers it to the ground through the 
buried coil. During winter opera¬ 
tion pump 2 circulates water from 
the buried coil through the evapor- 
ator where it gives up heat to 312. Heat pump with a direct- 

,, ,. « . , rr«i expansion coil buried in the earth. 

the evaporating refrigerant. Ihe 

water circulated by pump 1 passes through the condenser where it 
absorbs heat from the refrigerant and transfers it to the air as it later 
passes through the coil which then serves as an air heater. 

Another scheme for using the ground as the source of heat is illus¬ 
trated in Fig. 312. When this arrangement is used for summer cool¬ 
ing, the coil, over which the air to be conditioned flows, is the evapo¬ 
rator in the refrigerant circuit. The compressor raises the pressure of 
the refrigerant vapor and forces it to flow through the pipe coil buried 
in the ground where condensation occurs. The heat given up in the 
process is absorbed by the surrounding soil. During this type of 
operation the two valves S are open and the two marked W are closed. 
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When heating is required by the space served, the position of each of 
the 4 valves is reversed causing the high-pressure refrigerant vapor to 
flow from the compressor through the coil in the air stream, which 
then serves as the condenser. The heat given up by the condensing 
refrigerant raises the temperature of the air which is being conditioned. 
The liquid refrigerant from the condensing coil in the air stream then 
passes through the expansion valve and evaporates in the buried coil, 
absorbing heat from the soil during the process. Heat is thereby 
transferred from the soil to the air which is being processed through 
the medium of the circulating refrigerant. 

This system is considerably simpler than the one shown in Fig. 
311 in which water is used as an intermediate heat-carrying medium. 
However, the system is subject to certain operating hazards not present 
in the other arrangement. For example, oil from the compressor may 
be trapped in the buried coil, or a leak developing in the external 
piping may result in the loss of a large part of the refrigerant before 
it is detected. 

376, Comparison of Heat Sources. Outdoor air as a source of heat 
for winter heating permits the development of packaged units such 
as the one shown in Fig. 310. However, it docs not appear to be 
economically feasible to rely upon this convenient heat source for 

heat-pump installations which are to serve buildings in locations 
where the winter weather may be severely cold. 

The ground is the ultimate source (or sink) for all heat-pump 
installations which do not operate on an air-to-air basis. If water 
from a well or a city water system is used to absorb heat from the 
condenser or to supply heat to the evaporator, the initial temperature 
of the water will approximate the ground temperature. There is no 
fundamental difference in the possibilities of the various schemes in 
which the ground is used as the heat reservoir to give up heat when 
needed and to store heat when the air to be processed must be cooled. 
The scheme to be chosen for a particular installation will depend 
upon a number of circumstances, such as the policy of the local water 
company in regard to furnishing water for heat pumps, cost of city 
water if available for this use, condition of the local underground 
water reservoir, local cost of deep-well drilling, available adjacent 
areas for buried coils, and type of soil. Buried coils seem to be the 
most practicable method of making the ground the heat reservoir for 
a heat-pump installation in the majority of instances, but more infor¬ 
mation is needed about heat transfer from the ground to the circulating 
medium, and vice versa, covering a wide range of soil types. It 
should be pointed out that pipes buried in a shallow trench do not 
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serve as effectively as the use of water from a well or the circulation of 
water through a double pipe immersed in a well because the tempera¬ 
ture of the earth near its surface increases in summer and decreases 
in winter, though to a considerably lesser degree than is the case 
with the outdoor air. Figure 313 shows the variation in the soil tem¬ 
perature at different depths plotted from data’ taken by Houghten 
and others during the y tar 1911. 



Fig. 313. Seasonal temperature variations at different depths in well-drained red 
clay soil at Pittsburgh, Pennsylvania, 1941. 

376. Design of Heat-Pump Installations. If a packaged air-to-air 
unit is to be used the air-conditioning engineer should proceed as 
follows: 

1 . Secure weather data for the locality whore the installation is to 
be made and decide on the summer and winter outdoor temperatures 
to be used for design purposes, 

2 . Estimate the heat gain for summer design conditions taking into 
consideration every possible interior source of heat (see Chap. 17). 

3. Estimate the heat loss for winter design conditions (sec Chap. 4). 

4. Select a packaged unit guaranteed to carry both the summer 
cooling load and the winter heating load under the respective design 
conditions. 

5. Design a system of ducts and registers to properly distribute the 
conditioned air and properly collect the air to be recirculated. The air 
volume to be handled and the allowed resistance of the system will 
be specified by the manufacturer of the packaged unit. 

Packaged units using water from a private well or from a city water 
main may be practically as simple as units operating on the air-to- 
air basis if local conditions permit discharging the water to a drain. 
A packaged unit of this type would have a higher coefficient of per- 

® *^Heat Loss through Basement Walls and Floors," by F. C. Houghten, S. J. 
Taimuty, Carl Outberlet, and C. J. Brown, ASHVE Tram., Vol. 48, 1942. 
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formance than one using air as the source or sink. Use of packaged 
heat pumps of this type appears to be a practicable possibility in 
cities using surface water from large rivers or lakes. Though the 
temperature of the water in a river or a lake fluctuates considerably 
with changing seasons, the temperature of the water arriving at any 
building served by the system is rather stable throughout the year 
because of the modulating effect of the earth surrounding the under¬ 
ground distributing pipes. 

If, because of climatic conditions, it is impractical to use air as the 
heat reservoir and if water in the quantities that would be needed 
may not be discharged to a drain, then it becomes necessary to provide 
either a deep well or a buried coil through which some suitable heat¬ 
carrying medium may be cir¬ 
culated to and from the heat- 
pump apparatus. It has 
previously been mentioned 
that insufficient data are 
available at the time of this 
writing, but some experience 
has been gained which may 
be used as a guide until more 
complete information has 
been obtained. 

Experience with a double 
pipe inserted in a well having 
a fluid depth of 200 ft indi¬ 
cates that such an arrange¬ 
ment can be depended upon 
to supply at least 28,000,000 
Btu during a heating season. 
It appears likely that the capacity of the arrangement shown in Fig. 
314 for supplying heat to a heat pump or for receiving heat from a 
heat pump would be directly proportional to the depth of immersion 
of the double pipe in the water standing in the well casing. 

When buried pipes carrying a suitable medium are used to extract 
heat from the ground or to dissipate heat to it, the number of square 
feet of pipe surface required will depend upon the temperature of the 
ground, the temperature of the circulating medium, the overall coeffi¬ 
cient of heat transfer from the circulating medium to the ground 
and the conductivity of the soil surrounding the pipes. The very 
meager data on the thermal conductivities of soils indicate that they 
vary from 1.0 Btu per hr per sq ft per deg F per in. of thickness for 



Fig. 314. Schematic diagram of a deep 
well as a source or sink for a heat pump. 
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a dry, light soil to 16.0 for a wet subsoil. In general, the condu(;tivity 
of dry soils increases with the density, and the conductivity of all 
soils increases with the moisture content up to the point of saturation. 
The density of the soil appears to have little eiTe(‘t on its thermal 
conductivity when it is saturated with water. Pipes should be placed 
at a depth below the ground surface which will insure reasonable 
freedom from seasonal temperature v ii! tion. The curves in Fig. 
313 from data taken by F. C. Houghton and associates in Pittsburgh, 
show examples of seasonal \ ariation in ground temperatures at different 
depths. 

It would be difficult for the desiuner to calculate the required area 
of buried coils c\en if dependable information on soil conductivity 
were available because lufurinati.)!! is lacking on the proper thickness 
of soil to be considered between the coil surface and a point in the 
ground where the temperature is not appreciably affected by the heat 
transfer from or to the coil. Data on actual rates of heat transfer 
between buri(Kl coils of different diameter and spacing to or from thci 
ground are sorely needed. 

A tesP^ was recently conducted with 40 ft of |-in. copper tubing 
buried to a depth of 5 ft and arranged in the form of a sinuous (;oil 
with the adjacent legs spaced 1.5 ft apart. Water was used as the 
circulating medium and entered the coil at 38 F. The eciuilibrium 
rate of heat transfer to this coil from soil whose temperature was 
57 F was 600 Btu per hr or 6.24 Btu per hr per S(i ft of pipe surface 
per deg F temperature difference betwcion the soil and th(^ circidating 
medium. This heat transfer was achieved with the coil buried in 
sandy soil containing only 0.038 lb of moisture per lb of dry sand and 
it is believed that this rate can safely be assumed for the estimation 
of required coil surface under practically all circumstances. When 
similar data arc available for other soils it is believed that consider¬ 
ably higher rates can be used for clay soils or mixed soils and for all 
soils in localities where the annual rainfall is more than 20 in. 

Prolonged tests covering a period of at least 2 years are needed to 
determine whether or not all the heat removed from the soil by the 
buried coils of a heat pump during a winter will be restored during the 
following summer. 

PROBLEMS 

1. The evaporator section of an air-conditioning unit serves as a water cooler 
through which 200 lb of water per min are passed to cool it from 56 F to 43 F. 

* ‘'Heat Transfer from Ground to Water in Buried Coils,'" by William F. King 
and Michael G. Martus, Heating and Ventilating Magazine, p. 71, Vol. 44, July 
1947. 
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The power input to the compressor is 15 bhp. Find the capacity of the unit in 
tons of refrigeration and its coefficient of performance. 

2. A direct-expansion cooling coil serves as an evaporator and is operated with 
an air-vapor mixture leaving it at 60 F dbt and 58 F wbt when the barometric 
pressure is 28.5 in. of mercury. The air has an initial total enthalpy of 42.5 Btu 
per lb of dry air and the vapor which it contains. What tonnage of refrigeration 
capacity is developed when 12,000 lb of dry air per hr are handled? What is the 
coefficient of performance if 1.05 bhp are required per ton? 

3. In the operation of a compression refrigeration system the working medium 
has the following enthalpies: leaving the compressor, 120; leaving the evaporator, 
102; entering the evaporator, 22; and entering the compressor, 102. If 50 lb of 
the refrigerant arc handled eacjh minute what capacity, in tons, is being developed 
and what is the coefficient of performance? 

4. A cooling tower may operate with an efficiency of 75 per cent, (a) Water 
at 90 F is sprayed into the air within the tower when the air is initially at 105 F 
dbt and 40 per cent relative humidity. What reduction of the water temperature 
is possible for the conditions stated? (6) W'hat final water temperature may be 
expected if the outside-air temperature is at 90 F dbt and 75 F wbt? 



CHAPTER 17 

ESTIMATION OF COOLING LOADS 

377. Foreword. Tho estiinii.tiori of cooling loads on summer air- 
conditioning apparatus requires a more thoruugh analysis than is the 
case when calculating winter-heating requirements because items such 
as sun effect and heat liberated hy occupants increase the peak load 
on the machine and, therefore, must be considered. 

378. The Components of a Ccyoling Load. The two main divisions 
of a load imposed upon an air-conditioning plant operating during 
not weather are: (1) the sensible heat to be removed, and (2) the water 
vapor to be abstracted. 

Sensible heat to be removed in the process of summer air condi¬ 
tioning is derived from any or all the following sources. 

1 . Heat flowing into the building by conduction through walls, 
floors, ceilings, windows, skylights, and doors due to the difference 
between the outdoor-air temperature and tho temperature of the air 
within the conditioned space. 

2. Heat conducted through walls, roofs, windows, and (h)ors to Mi<‘ 
interior of the building due to the absorption of solar radiation by (cer¬ 
tain of tho exterior surfaces. 

3. Heat given off by lights, motors, machinery, cooking operations, 
industrial processes, etc. 

4. Heat liberated by the occupants. 

5. Heat carried in by outside air which leaks in or is brought in for 
ventilation. 

6 . Heat gain through the walls of ducts carrying conditioned air 
through unconditioned spaces in the building which are at a tempera¬ 
ture that is higher than that of the air handled. 

7. Heat gain from fan work. 

The water vapor which must be removed by the dehumidifying 
apparatus in order to maintain the specified relative humidity in the 
conditioned space may come from any or all the following sources. 

1 . Moisture in the outside air entering by infiltration or introduced 
for the purpose of ventilation. 

2 . Moisture from occupants. 

3. Moisture from any process such as cooking which takes place 
within the conditioned space. 
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4. Moisture passing directly into the conditioned space through 
permeable walls or partitions from the outside or from adjoining 
regions where the water vapor pressure is higher. 

In the process of removing water vapor by condensation the latent 
heat must be absorbed by the cooling apparatus, and the amount of 
this heat absorption required to condense the weight of water vapor 
which must be abstracted per hour is often referred to as the latent- 
heat load on the apparatus. 

379. Outdoor Design Temperatures. The outdoor temperatures 
which should be assumed for the purpose of estimating cooling loads 
should not be the highest ever recorded, as such temperatures occur 
infrequently and only for periods of a few hours duration. In all 
large cities certain design dry-bulb and wet-bulb temperatures have 
become well established and may be used with confidence by engineers 
designing air-conditioning machines for use in that vicinity. Table 
112 gives this information for many of the large cities of the country 
together with weather-bureau data on average wind velo(;ities. Infor¬ 
mation in regard to the design wet-bulb temperature for a locality is 

TAJiLE 112 


Dksion Dry- and Wkt-TUtlb Tkmpjoratitrks, Wind Vjor.ociTiios, and 
Wind Directions for Junk, July, Aucust, and September* 




Design 

Design 

SumiiK'r Wind 

Prevailing 



Dry-Bulb, 

W(d.-Bulb, 

Velocity, 

Summer Wiir 

State 

City 

beg F 

D(‘g F 

Mph 

Direction 

Ala. 

Birmingham 

95 

78 

5.2 

S 


Mobile 

92 

79 

8.6 

SW 

Ariz. 

Phoenix 

108 

75 

6.0 


Ark. 

Little Rock 

96 

79 

6.0 

NE 

eWif. 

Los Angeles 

90 

70 

6.0 

vSW 


San Francisco 

90 

65 

11 .0 

SW 

CV)lo. 

Denver 

92 

64 

6.9 

8 

Conn. 

New Haven 

95 

75 

7.3 

S 

D. C. 

Washington 

95 

78 

5.2 

S 

Fla. 

Jacksonville 

95 

79 

8.6 

SW 


Tampa 

94 

79 

7.0 

E 

Ga. 

Atlanta 

95 

77 

8.5 

NW 


Savannah 

95 

78 

7.8 

SW 

Idaho 

Boise 

97 

65 

5.9 

NW 

Ill. 

Chicago 

95 

75 

10.0 

NE 


Peoria 

91 

75 

8.2 

S 

Tnd. 

Indianapolis 

95 

76 

9.0 

SW 

Towa 

Des Moines 

95 

77 

6.6 

SW 

Ky. 

Louisville 

95 

76 

8.0 

SW 

La. 

New Orleans 

92 

80 

6.2 

SW 

Me. 

Portland 

90 

73 

7.3 

s 



OUTIJOOH DESIGN TEMPERATURES 


527 


TABLE 112 {Continued) 


Design 
Dry-Bulb, 


State 

City 

Deg F 

IMd. 

Baltimore 

95 

Mass. 

Boston 

87 

Mich. 

Detroit 

93 

Minn. 

Minneapolis 

93 

Miss. 

Vicksburg 

95 

Mo. 

Kansas City 

102 


St. Ix)uis 

ion 

Mont. 

Helena 

89 

Neb. 

Lincoln 

95 

Ncv. 

Reno 

95 

N. J. 

Atlantic City 

95 

N. V 

Albany 

Si) 


Buffalo 

87 


New York 

9^ 

i;. M. 

Santa Fe 

90 

N. C. 

Asheville 

90 


Wilmington 

90 

N. D. 

Bismarck 

95 

Ohio 

Cleveland 

93 


Cincinnati 

95 

Okla. 

Oklahoma City 

100 

Ore. 

Portland 

89 

Pa. 

Philadelphia 

95 


Pittsburgh 

91 

R. I. 

Providence 

93 

s. c. 

Charleston 

92 


C^olumbia 

95 

Tenn. 

C'^liattanooga 

95 


Memphis 

98 

Tex. 

Fort Worth 

100 


Galveston 

95 


San Antonio 

98 


Brownsville 

92 


El Paso 

97 

Utah 

Salt r.ake City 

97 

Vt. 

Burlington 

90 

Va. 

Norfolk 

95 


Richmond 

95 

Wash. 

Seattle 

80 


Spokane 

93 

W. Va. Parkersburg 

95 

Wis. 

Green Bay 

91 


Milwaukee 

95 

Wyo. 

Cheyenne 

95 


* Temperatures abstracted from 
1947." Used by permission. 


Design 

Summer Wind 

Prevailing 

Wet-Bulb, 

Velocity, 

Summer Wind 

Deg F 

Mph 

Direction 

78 

6.9 

SW 

72 

12.5 

SW 

73 

10 2 

SW 

73 

8.4 

SE 

78 

6.2 

SW 

76 

9.5 

S 

7(i 

9.4 

SW 

;2 

8 0 

SW 

75 

9.3 

s 

62 

7.4 

w 

7H 



72 

7.1 

s 

72 

12 2 

SW 

75 

i2.9 

SW 

65 

6.5 

SE 

75 

5.6 

sr: 

78 

6.9 

SW 

73 

8.8 

NW 

73 

11.2 

s 

77 

5.6 

SW 

76 

10.1 

s 

66 

6.6 

NW 

78 

9.7 

SW 

73 

9.0 

NW 

75 

10.0 

NW 

79 

9.9 

SW 

78 



77 

6.5 

SW 

79 

7.4 

SW 

78 

9.4 

s 

80 

9.7 

s 

77 

7.3 

SE 

79 

7.0 

s 

69 

8.6 

10 

63 

8.2 

sio 

73 

8.9 

s 

78 

10.9 

s 

78 

6.2 

SW 

65 

8.1 

s 

62 

6.5 

SW 

75 

5.3 

SE 

73 

9.1 

SW 

75 

10.4 

s 

65 

9.2 

s 


“Heating Ventilating Air (^mditioning (fuide 
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necessary as it is a reliable indication of the heat content of the outdoor 
air. 

It may be noted from Table 112 that a design dry-bulb temperature 
of 95 F is used in many cities and that this figure is close to the tem¬ 
perature used in nearly all the cities for which data are given. Figure 
315 shows a typical 24-hr plot of the outdoor dry-bulb temperature 
when the maximum temperature, occurring at 3:00 p.m., is 95 F. 

380. Inside-Air Temperatures. The inside dry-bulb temperature 
maintained will of necessity be fixed either by the conditions necessary 
for comfort or by limitation of the outdoor-indoor-air temperature 
difference. A condition of 80 F and 50 per cent relative humidity 



Fio. 315. Typical daily outdoor-air temperature variation during hot weather. 

has been found to be satisfactory for the majority of people and is 
often specified where human comfort is the only consideration. 
However, experience has shown that the average individual suffers 
an appreciable shock if subjected to a temperature change of more than 
15 to 20 F as he enters or leaves a cooled space during hot weather. 
Therefore, in localities where the outside-air dry-bulb temperature 
often exceeds 100 F, the inside-air temperature should be maintained 
from 15 to 20 F below that of the outside air and an attempt made to 
produce comfort conditions by lowering the relative humidity of the 
conditioned space to some value below 45 per cent. The relative 
humidity desired at a given inside dry-bulb temperature will fix the 
wet-bulb temperature of the inside aijr and determine the amount of 
heat which must be removed from the outside air which infiltrates into 
the conditioned space or is purposely introduced for the purpose of 
ventilation. When it is not feasible to reduce the inside-air tempera¬ 
ture below a certain limit because of a high dry-bulb temperature of 
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the outdoor air some additional lowering of the effective temperature 
of the inside air may be secured by slightly increased air motion. 
Greater outside-inside-temperature differences may be maintained 
in conditioned spaces such as homes in which the occupants remain 
for long periods than is the case with spaces such as department stores 
in which the occupancy of the customers is of brief duration. Resi¬ 
dents of the northern part of the United States experience comfort 
conditions with lower inside-ali temperatures than is the case with 
people living in the southern portion of the country. In the selection 
(}f the inside-air temperature to be maintained by a summer-cooling 
plant it is therefore necessary to consider the usage of the building 
and its geographical location. 

381. Solar Radiation. Solar radiation striking the outside surfaces 

a building may contribute appreciably to the peak load on summer 
air-conditioning apparatus and must therefore be considered. The 
amount of heat that flows 
toward the interior of a build¬ 
ing owing to solar radiation 
depends on the altitude angle 
of the sun, the clearness of 
the sky, the position of the 
surface with respect to the 
direction of the sun^s rays, 
the absorptivity of the sur¬ 
face, and the ratio of the over¬ 
all coefficient of heat transfer 
of the wall to the coefficient 
of heat transfer of the outside-air film. The altitude angle of the sun 
in turn depends upon the latitude of the locality, the season of the 
year, and the hour of the day. 

Heat from solar radiation is received by building surfaces in two 
forms, namely, direct radiation and sky radiation. Direct radiation 
is the impingement of the sun's rays upon the surface. Sky radiation 
is received from moisture and dust particles in the atmosphere which 
absorb part of the energy of the sun's rays, thereby becoming heated 
to a temperature above that of the air. Sky radiation is received by 
surfaces which do not face the sun. 

Absorption of solar radiation by the outside surface of an opaque 
building wall or roof causes an increase in the temperature of the 
material at this surface. The outside-surface temperature usually 
becomes higher than that of the air on either side of the wall so that 
heat flows both ways from the heated surface (see Fig. 316). The 


Outside-wall-surface 
temperature, 130 F 


Outside-air 
temperature, 100 F 


Outside-air 
film—^ 



Inside-air 

temperature. 80 F 

Inside-wall-surface 
temperature, 82 F 

Inside-air 
film 

Fig. 316. Possible wall-surface temper¬ 
atures produced by solar heat. 
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flow of heat to the outdoor air and away from the building depends 
upon the temperature of the surface, the temperature of the outdoor 
air, and the coefficient of heat .transfer for the outside air film; whereas 
the flow to the interior of the building depends upon the surface tem¬ 
perature, the inside-air temperature, and the overall coefficient of 
heat transfer between the heated material near the outside surface 
and the air inside the building. 

A single thickness of transparent window glass transmits a large 
portion of any solar radiation striking it directly to the inside of the 
building where the energy becomes an instantaneous load on the cool¬ 
ing plant. However, thick walls or roofs may delay the interior effect 
of solar radiation as long as 16 hr. Table 113 gives the time lag in 
hours for several different roof and wall constructions. The time 

TABLE 113 

Time Lag in Transmission of Solar Radiation Through Walls and Roofs* 


Timo 

Type and Thickness of Wall or Roof Lag, Hr 

1- in. yellow pine horizontal roof, water proofing, smooth black finish 1 

2- in. yellow pine horizontal roof, water proofing, smooth })lack finish 1-| 

4-in. reinforced clay tile horizontal roof, water proofing, slag finish 2i 

2-in. gypsum horizontal roof, water proofing, slag finish 2i 

Slate and slaters felt on 2*J-in, tongue and grooved yellow pine, sloped 

roof 2i 

4-in, gypsum horizontal roof, water proofing, .slag finish 4^ 

6-in. concrete horizontal roof, water proofing, slag finish 5 

1-in. concrete, 4-in. cinders, 1^-in. concrete, water proofing, smooth 
black finish 8 

Wood siding, 1-in. sheathing, 2 by 4 studs, lath and plaster 2 

Wood siding, 1-in. sheathing, 2 by 4 studs (studding space filled with 
insulation, lath and plaster 5 

4-in. brick, 1-in. sheathing, 2 by 4 studs, lath and plaster 7 

4-in. brick, 8-in. tile and plaster 10^ 

13-in. brick, plastered 12 

9-in. brick, 3-J-in. tile, S-J-in. air space, 3'1-in. tile, and l-J'-in. plaster 16 


* From Heating Ventilating Air Conditioning Guide 1947.” U.scd by per- 
rni.ssion. 

lag for a wall or roof construction not included in the table may be 
approximated by using the lag for a listed combination that is judged 
to be comparable with the one actually used. Because of time lag, 
the maximum cooling load from solar effect may occur several hours 
after the time of maximum solar intensity on the principal exposed 
building surfaces. For a building having very heavy masonry walls 
there may be no increase in the peak load on the cooling plant due to 
solar radiation because the wave of increased material temperature 
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caused by the sun’s rays may not reach the interior until after the 
load from all other sources has started to decline. On the other hand, 
time lag may cause a maximum cooling load to occur at an unexpected 
time as the wave of increased material temperature may reach the 
interior wall or roof surfaces at a time when the cooling load due to 
interior heat sources is a maximum as for a dance hall filled with 
people during the late e>'ening 

382. Sol-Air Temperature. A convenient way of combining all 
of the factors which affect the heat entry into the weather side of a 



{From " Healing Ventilating Air Conditioning Guide 10/f7” Ueed by permission.) 
Fig. 317. Solar iritonsity at 40° north latitude on surfaces with different orien¬ 
tations. 


sunlit building wall or roof is through the use of a term known as the 
sol-air temperature/ which is given by the following expression. 

U = To + ^ (144) 

Jo 

where = sol-air temperature, deg F. 

To = outside-air temperature, deg F. 
a = portion of solar radiation I which is absorbed (see Table 
114). 

I = actual solar radiation striking surface (see Fig. 317), Btu 
per hr per sq ft. 

1'*Summer Weather Data and Sol-Air Temperature—Study of Data for New 
York City,'' by C. O. Mackey and E. B. Watson, Heating^ Piping and Air Condi¬ 
tioning, .\SIIVE Journal Section, November 1944. 
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fo = outside-film coefficient of heat transfer (usually assumed 
to be 4.0 for summer conditions), Btu per hr per sq ft per 
deg F. 

The sol-air temperature is the temperature of outdoor air which 
would give the same rate of heat entry into the weather side of a 
building material as exists with the actual combination of total radia¬ 
tion and outdoor-air temperature. For example, if To = 95, a = 
0.7, I = 150, and fo = 4.0, then = 95 + (0.7 X 150) 4 = 25 -f- 

26.25 = 121.25 F. 

TABLE 114 

Solar Absorption Coefficients for Various Building Materials 

Surface Color Material Coefficient a 

Very light White stone, very light-colored cement, white or 

light-cream-colored paint 0.4 

Medium dark Asbestos shingles, unpainted wood, brown stone, 
brick and red tile, dark colored cement, stucco, 
and red, green, or gray paint 0.7 

Very dark Slate roofing, tar roofing materials, and very dark 

paint 0.0 

In terms of the sol-air temperature, the instantaneous rate of heat 
entry into the weather surface of a wall or roof is given by 


H = AfoiL - tm) (145) 

where H = heat entering, Btu per hr. 

A = roof or wall surface area, sq ft. 

tm = temperature of the wall or roof material at the weather 
surface, deg F. 

Table 115 applicable to New York City gives summer design sol- 
air temperatures for each hour of the day. Data are included for 
horizontal roofs and for walls facing north, east, south, and west. 
The sol-air temperatures listed are for surfaces having an absorptivity 
of one or a value of the ratio a/fo = 0.25. The table values must be 
corrected to the value of a/fo that is applicable to the wall or roof in 
question. A similar table applicable to Lincoln, Nebraska, together 
with a further discussion of sol-air temperatures and a method of 
using them in the estimation of cooling loads is given in Chap. 15 of 
the Heating Ventilating Air Conditioning Guide 1947.’^ The sol-air 
temperature concept gives promise of providing a reasonably con¬ 
venient and accurate method of estimating heat gain through walls 
and roofs when similar tables have been prepared for cities in other 
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TABLE 113 

Summer Design Soi^-Air Temperatures for New York, N. Y. 

North latitude 40° 46'; elevation 180 ft* 


Sol-Air Temperature, Deg F 


Sun Time 

Any 

Hori- 





a 

Surface 

zontal 

North 

Fast 

South 

West 

fo 

0 

0.25 

0.25 

0.25 

0.25 

0.25 

12 midnight 

89 

89 

89 

89 

89 

89 

1 a.m. 

88 

88 

88 

88 

88 

88 

2 

86 

86 

86 

86 

86 

86 

3 

84 

81 

34 

84 

84 

84 

4 

84 

84 

84 


84 

84 

5 

82 

82 

82 

82 

82 

82 

6 

81 

87 

88 

100 

82 

82 

7 

82 

103 

93 

12.J 

85 

85 

8 

88 

124 

94 

137 

92 

92 

9 

93 

143 

98 

142 

104 

98 

10 

96 

160 

102 

138 

115 

102 

11 

100 

172 

106 

129 

125 

106 

12 noon 

102 

178 

108 

115 

130 

108 

1 P.M. 

104 

180 

no 

110 

132 

119 

2 

106 

178 

112 

112 

131 

137 

3 

107 

170 

113 

113 

126 

150 

4 

107 

158 

112 

112 

117 

158 

5 

106 

142 

113 

no 

no 

157 

6 

105 

126 

117 

108 

108 

149 

7 

102 

109 

113 

104 

104 

128 

8 

98 

99 

98 

98 

98 

98 

9 

94 

94 

94 

94 

94 

94 

10 

92 

92 

92 

92 

92 

92 

11 

90 

90 

90 

90 

90 

90 

24-hr average tm 

94.4 

121.6 

98.6 

105.9 

102.1 

106.6 


* From “Heating Ventilating Air Conditioning Guide 1947/^ Used by per¬ 
mission. 

parts of the country and the method has been proven reliable by more 
extensive experience with it. 

383. Estimation of Sensible-heat Gain Through Glass Areas. 

Heat gain through single unshaded glass areas such as windows, doors, 
and skylights may be computed from values given in Table 116. 
The rates of heat gain which appear in this table include the heat that 
is conducted owing to temperature difference and that which is a result 
of total (direct and sky) solar radiation. 

The figures which appear in this table have been computed for a 
solar declination angle (the angle between the direction of the sun^s 
rays with respect to the earth and a plane perpendicular to the earth 
at the equator) of 18 deg. If it is desired to use the table for the 
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TABLE 116 

Total Instantaneous Rates of Heat Gain through Single, 
Unshaded, Common Glass, for Variously Oriented 
Vertical and for Horizontal Positions* 

Data for solar declination of 18 deg—August 1 


Sun 

Time 

Solar 1 
Alti¬ 
tude, 

^ Deg 

Total Instantaneous Rate of Heat Gain, Btu per Hr for Each 
Sq Ft of Unshaded Glass 

N 

NE 

E 

SE 

S 

SW 

W 

NW 

Hori¬ 

zontal 

25 Deg North Tiatitude 

6 A.M. 

7.5 

19 

77 

84 

40 

3 

3 1 

3 

3 

12 

7 

20.5 

26 

146 

173 

98 

10 

10 

10 

10 

68 

8 

34.0 

18 

148 

193 

121 

13 

13 

13 

13 

143 

9 

47.5 

15 

118 

172 

120 

16 

15 

15 

15 

205 

10 

61.5 

16 

67 

124 

95 

22 

16 

16 

16 

252 

11 

74.5 

16 

25 

57 

57 

25 

16 

16 

16 

282 

12 

83.0 

16 

16 

16 

25 

28 

25 

16 

16 

293 

1 P.M. 

74.5 

16 

16 

16 

16 

25 

57 

57 

25 

282 

2 

61.5 

16 

16 

16 

16 

22 

95 

124 

67 

252 

3 

47.5 

15 

15 

15 

15 

16 

120 

172 

118 

205 

4 

34.0 

18 

13 

13 

13 

13 

121 

193 

148 

143 

5 

20.5 

26 

10 

10 

10 

10 

98 

173 

146 

68 

6 

7.5 

1 

3 1 

3 

3 

3 

40 1 

84 

77 

12 


30 Dog North Ijatitndo 


6 A.M. 

9.0 

22 

88 

97 

47 

4 

4 

4 

4 

15 

7 

21.6 

23 

146 

176 

105 

11 

11 

11 

11 

74 

8 

34.5 

16 

140 

194 

130 

14 

14 

14 

14 

144 

9 

47.5 

15 

104 

171 

133 

20 

15 

15 

15 

205 

10 

60.0 

16 

53 

126 

112 

33 

16 

16 

16 

248 

11 

72.0 

16 

19 

56 

74 

42 

16 

16 

16 

277 

12 

78.0 

16 

16 

16 

34 

45 

34 

16 

16 

288 

1 I'.M. 

72.0 

16 

16 

16 

16 

42 

74 

56 

19 

277 

2 

60.0 

16 

16 

16 

16 

33 

112 

126 

53 

248 

3 

47.5 

15 

15 

15 

15 1 

20 

133 

171 

104 

205 

4 

34.5 

16 

14 

14 

14 1 

14 

130 

194 

140 

144 

5 

21.5 

23 

11 

11 

11 1 

11 

105 

176 

146 

74 

6 

9.0 

22 

4 

4 

4 

i 

4 

47 

97 

88 

15 


35 Deg North Latitude 


6 A.M. 

10.0 

21 

97 

109 

53 

4 

4 

4 

4 

19 

7 

22.5 

19 

143 

179 

110 

11 

11 

11 

11 

79 

8 

34.5 

14 

133 

194 

140 

15 

14 

14 

14 

144 

9 

46.5 

15 

90 

170 

144 

28 

15 

15 

15 

200 

10 

58.5 i 

16 

38 

126 

128 

47 

16 

16 

16 

243 

11 

68.5 1 

16 

16 

56 

91 

62 

17 

16 

16 

269 

12 

73.0 

16 

16 

16 

45 

68 

45 

16 

16 

279 

1 P.M. 

68.5 

16 

16 

16 

17 

62 

91 

56 

16 

269 

2 

58.5 

16 

16 

16 

16 

. 47 

128 

126 

38 

243 

3 

46.5 

15 

15 

15 

15 

28 

144 

170 

90 

200 

4 

34.5 

14 

14 

14 

14 

15 

140 

194 

133 

144 

5 

22.5 

19 

11 

11 

11 

11 

110 

179 

143 

79 

6 

10.0 

21 

4 

4 

4 

4 

53 

109 

97 

19 
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TABLE 116 (Contmued) 


Sun 

Solar 

Alti¬ 

Total Instantaneous Rate of Heat Gain, Btu per Hr for Each 

Sq Ft of Unshaded Glass 

Time 

tude, 

0 Deg 

N 

NE 

E 

SE j 8 

s\v 

w 

NW 

J 

Hori¬ 

zontal 


40 Deg North Latitude 


5 A.M. 

1.5 

7 

18 

17 

6 

1 

1 

1 

1 

2 

6 

11.5 

23 

106 

120 

62 

5 

5 

5 

5 

24 

7 

23.0 

15 

141 

181 

118 

11 

11 

11 

11 

82 

8 

34.5 

14 

122 

194 

147 

19 

14 

14 

14 

145 

9 

45.5 

15 

76 

172 

156 

42 

15 

15 

15 

196 

10 

56.0 

16 

30 

125 

144 

66 

16 

16 

16 

235 

11 

64.5 

16 

16 ' 

53 

! 110 

85 

22 

16 

16 

261 

12 

68.0 

16 

16 

16 

! 62 

94 

62 

16 

16 

269 

1 P.M. 

64.5 

16 

16 

16 

22 

85 

no 

52 

16 

261 

2 

56.0 

16 

16 

1 16 

16 

66 

144 

125 

30 

235 

3 

45.5 

15 

15 

15 

15 

42 

15b 

172 

76 

196 

1 

34.5 

14 

14 

14 

14 

19 

147 

194 

122 

145 

5 

23.0 

15 

11 

11 

11 

11 

118 

181 

141 

82 

6 

11.5 

i 23 

5 

5 

5 

5 

62 

120 

106 

24 

7 

1.5 

1 7 

1 

1 

1 

1 

6 

17 

18 

2 

45 Deg North Tjatitude 

5 A.M. 

2.0 1 

9 I 

23 

23 

8 

1 

1 

1 

1 

2 

6 

12.5 

22 

111 

12!) 

68 

6 

6 

6 


28 

7 

23.0 

13 

135 

182 

121 

11 

11 

11 

n 

82 

8 

33.5 

14 

116 

192 

153 

24 

14 

14 

14 

141 

9 

44.0 

15 

63 

168 

166 

55 

15 

15 

15 

189 

10 

53.0 

16 

22 

123 

154 

88 

16 

16 

16 

225 

11 

60.0 

16 

16 

56 

127 

113 

30 

16 

16 

249 

12 

63.0 

16 

16 

16 

76 

119 

76 

16 

16 

256 

1 I'.M. 

60.0 

16 

16 

16 

30 

113 

127 

56 

16 

249 

2 

53.0 

16 

16 

16 

16 

88 

154 

123 

22 

225 

3 

44.0 

15 

15 

15 

15 

55 

166 

168 

63 

189 

4 

33.5 

14 

14 

14 

14 

24 

153 

192 

116 

141 

5 

23.0 

13 

11 

11 

11 

11 

121 

182 

135 

82 

6 

12.5 

22 

6 

6 

6 

6 

68 

129 

111 

28 

7 

2.0 

9 

1 

1 

1 

1 

8 

23 

23 

2 


50 Deg North I^atitude 


5 A.M. 

4.5 

18 

48 

48 

17 

2 

2 

2 

2 

5 

6 

13.5 

22 

119 

139 

75 

6 

6 

6 

6 

32 

7 

23.5 

11 

131 

183 

127 

11 

11 

11 

11 

84 

8 

33.0 

13 

103 

190 

161 

30 

13 

13 

13 

138 

9 

42.0 

14 

51 

165 

173 

69 

14 

14 

14 

179 

10 

50.0 

16 

19 

122 

166 

109 

16 

16 

16 

214 

11 

56.0 

16 

16 

55 

138 

133 

41 

16 

16 

235 

12 

58.0 

16 

16 

16 

92 

140 

92 

16 

16 

242 

1 P.M. 

56.0 

16 

16 

16 

41 

133 

138 

55 

16 

235 

2 

50.0 

16 

16 

16 

16 

109 

166 

122 

19 

214 

3 

42.0 

14 

14 

14 

14 

69 

173 

165 

51 

179 

4 

33.0 

13 

13 

13 

13 

30 

161 

190 

103 

138 

5 

23.5 

11 

11 

11 

11 

11 

127 

183 

131 

84 

6 

13.5 

22 

6 

6 

6 

6 

75 

139 

119 

32 

7 

4.5 

18 

2 

2 

2 

2 

17 

48 

48 

5 


* From ‘'Heating Ventilating Air Conditioning Guide 1947/’ Used by per¬ 
mission. 
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determination of heat gain at a time of the year when the solar declina¬ 
tion angle is greater or less than 18®, use the latitude which differs 
from that of the locality by the difference between the actual solar- 
declination angle and 18°. For example, if it is desired to compute 
heat gain for a time when the solar declination toward the north is 
23°, the section of the table for a latitude 5° greater than the actual 
latitude would be used. Table 117 gives solar declination angles for 
the first and fifteenth of each month during the year 1947. These 
data are strictly applicable only to the year for which they were 
computed, but the declination angle for a given day of the year varies 
only slightly from year to year. 

All the data in Table 116 are for common glass having a transmis¬ 
sivity of 0.87. Certain special heat-absorbing glasses retain more of 
the solar radiation and transmit less of it to the inside of the building 
because, with this type of glass, the temperature of the pane rises to a 
level that is well above the outdoor-air temperature. As a result, an 
appreciable portion of the heat entering the weather side of the glass 
due to solar radiation is conducted back to the outdoors through the 
outside-air film and carried away by the outside air. 

TABLE 117 


Apparent Declination of the Sun for Different Times of the Year* 




Declination 



Deolination 

Month 

Day 

Angle 

Month 

Day 

Anglo 

January 

1 

S 23° 03' 

July 

1 

N 23° 09' 

January 

15 

S 21° 14' 

July 

15 

N 21° 37' 

February 

1 

S 17° 15' 

August 

1 

N 18° 10' 

February 

15 

S 12° 52' 

August 

15 

N 14° 15' 

March 

1 

S 7° 48' 

September 

1 

N 8° 30' 

March 

15 

S 2° 22' 

September 

15 

N 3° 15' 

April 

1 

N 4° 19' 

October 

1 

S 2° 58' 

April 

15 

N 9° 34' 

October 

15 

S 8° 18' 

May 

1 

N 14° 54' 

November 

1 

S 14° 15' 

May 

15 

N 18° 44' 

November 

15 

S 18° 21' 

June 

1 

N 21° 59' 

December 

1 

S 21° 43' 

June 

15 

N 23° 17' 

December 

15 

S 23° 15' 

June 

22 (max) 

N 23° 27' 

December 

22 (max) 

S 23° 27' 

* Abstracted 

from the 

“American Air Almanac, 

1947.” Declination angles 


given are for noon of each day listed. 

Table 118 gives transmissivity ratios for special glasses for which 
the transmissivity is less than that for common glass. These ratios 
are to be used in correcting the values for heat gains from Table 116 
when estimating heat gains through special glasses. Transmissivities 
of special glasses are furnished upon request by the manufacturers. 
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TABLE 118 


Ratio of Total Instantaneous Rate of Heat Gain through 
Single Thickness of Sunlit Glass to Heat Gain for Common 
Glass as Given in Table 116* 


Trans¬ 

Approximate 

Trans¬ 

Approximate Trans- 

Approximate 

missivity 

Ratio 

missivity 

Ratio missivity 

Ratio 

0.87 

1.0 

0.60 

0.76 0.30 

0.52 

0.80 

0.93 

0.5C 

0 fS 0.20 

0.45 

0.70 

0.85 

0.40 

0.60 


* From 

'Heating Ventilating Air Conditioning Guide 1947.” 

Used by per- 


mission. 


Heat gains through glass of any sort can be greatly reduced by 
shading. The fraction of the heat transmitted by unshaded glass 
that would be transmitted by glass that is shaded in different ways is 
given in Table 119. 

TABLE 119 


Effect of Shading on Total Rates of Instantaneous Heat Gain through 

Glass* 

Fraction of Gain 
through Unshaded 

Type of Shading 

Finish 

Window 

Outside shading screen, metal slats 0.05 in. 
wide, spaced 0.063 in. apart, and set at 17® 
angle* with horizontal 

Dark 

0.20 to 0.35 

Canvas awning 

Dark 

0.25 to 0.35 

Outside Venetian blind, slats at 45° extended 
as an awning without sides, to cover approxi¬ 
mately two-thirds of window 

Light 

0.35 to 0.50 

Inside roller shade, fully drawn 

Aluminum 

A pproximately 0.45 

Outside Venetian blind, slats at 45° fully cover¬ 
ing window 

Aluminum 

Approximately 0.3 

inside Venetian blind, slats at 45° fully cover¬ 
ing window 

Aluminum 

0.65 to 0.80 

Inside roller shade, half drawn 

Buff 

Approximately 0.70 

Inside roller shade, half drawn 

Dark 

0.90 to 0.95 


' From ‘bleating Ventilating Air Conditioning Guide 1947.” Used by per- 


Windows and doors which are set in from the plane of the weather 
side of a vertical wall will have a portion of their areas shaded by the 
projecting edges of the openings. If a vertical window or door (see Fig. 
318) of height h and width w is set back from the plane of the weather 
side of the wall a distance d, the fraction of the total area which receives 
direct solar radiation is given by the following equation 

(?/ = 1 — ri tan /S — r 2 tan y + rir 2 tan 0 tan y (146) 
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where ri = d/lfi, 
T2 = d/w. 


= the solar altitude angle. 

7 = the angle between the sun^s rays and the vertical faces of 
the window opening. 


Solar altitude angles for August 1 are given in Table 116, and Table 


120 includes values for the angle y. 
Similar tables can be prepared 
effect of the shading of glass areas 



for other dates if desired. The 
by the walls in which they are set 
can usually be neglected, but it 
may appreciably affect the speci¬ 
fied capacity of the cooling appa¬ 
ratus when the major heat gain is 
through a wall containing a con¬ 
siderable proportion of windows 
or doors which are set back from 
the face of the wall. 

Example. Estimate the instantane¬ 
ous heat gain at 3 p.m. on August 1 
through a west window of common 
glass measuring 4 ft wide by 8 ft high 
and set back 9.6 in. from the face of the 
wall. The building is situated in a 
locality that is 40 deg north latitude. 

Solution. ri = 9.6 -f- 96 = 0.1, and 
7-2 = 9.6 48 == 0.2. The altitude 

angle, from Table 116, is 45.5® and its 
tangent equals 1.02. Table 120 indi¬ 
cates angle y to be 16® whose tangent 
is 0.267. Therefore, from equation 146, 
(7/ = 1 - 0.1 X 1.02 - 0.2 X 0.267 + 


Fio. 318. Shading of the upper por¬ 
tion and one edge of either a window or 
a door with frame inset from the 
weather surface of a wall. 


0.1 X 0.2 X 1.02 X 0.267 = 1 - 0.102 
- 0.0534 + 0.0054 = 0.8392. Thus 
approximately 84 per cent of the area 
of this window will receive direct solar 
radiation at the time stated. From 
Table 116 it is found that the heat gain per square foot of unshaded area is 42 
Btu per hr. Although the heat conducted due to temperature difference and 
the heat gain duo to sky radiation is not reduced by the shading caused by a pro- 
je(5ting ledge it is approximately correct to estimate the heat gain of this 
window as /f == 4 X 8 X 0.84 X 42 = 1130 Btu per hr. If shading due to pro¬ 
jecting ledges were not considered, the heat gain of this window would be com¬ 
puted as 4 X 8 X 42 ~ 1344 Btu per hr. 


384. Heat Conduction through Multiple-Glass Layers and Glass 
Blocks. When two or more glass layers separated by air spaces are 




TABLE 120 

Values of the Azimuth-Difference Angle, 7*, Degrees, for Window- 
Reveal Shading Calculations (See Equation 146) 

Computed for solar declination of 18 deg—August 1 


North 


Mean 


Window Orientation 



oun 








Dck 

Time 

NE 

E 

SE 

S 

SW 

W 

NW 

30 

6 a. m. 

29 

16 

61 

Shade 

Shades 

Shade 

Shade 


7 

36 

9 

54 






8 

43 

2 

47 






9 

51 

6 

39 

84 





10 

62 

i7 

28 

73 





11 

83 

38 

7 

52 





12 noon 

Shade 

Shade 

45 

0 

45 




1 P. M. 



Shale 

52 

7 

38 

93 


2 




73 

28 

17 

62 


3 




84 

39 

6 

51 


4 




Shade 

47 

2 

43 


5 





54 

9 

36 


6 





61 

16 

29 

40 

6 A. M. 

31 

14 

59 

Shade 

Shade 

Shade 

Shade 


7 

40 

5 

50 






8 

50 

5 

40 

85 





9 

63 

16 

29 

74 





10 

76 

31 

14 

5!) 





11 

Sha<h‘ 

55 

10 

35 





12 noon 


Shade 

45 

0 

45 




1 P. M. 



80 

35 

10 

55 



2 



Shade 

59 

14 

31 

76 


3 




74 

29 

16 

()3 


4 




85 

40 

5 

50 


5 




Shade 

50 

5 

40 


6 





59 

14 

31 

50 

6 a. m. 

33 

12 

57 

Shade 

Shade 

Shade 

Shade 


7 

15 

0 

45 


1 




8 

57 

12 

33 

78 





9 

70 

25 

20 

65 





10 

87 

42 

3 

48 





11 

Shade 

64 

19 

25 

71 




12 noon 


Sha<le 

45 

0 

45 




1 P. M. 



71 

25 

19 

64 



2 



Shade 

48 

3 

42 

87 


3 




65 

20 

25 

70 


4 




78 

33 

12 

57 


5 




Shade 

45 

0 

45 


6 





57 

12 

33 


* 7 is the angle between the horizontal projection of the sun’s rays and the 
plane of either vertical face of the window or door opening. 
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used instead of a single pane, the absorptivity is increased, and the 
transmissivity is decreased. Data on heat gain through all such 
arrangements are not available, but a rough approximation may be 
made of the heat transmitted by assuming that the transmissivity of 
the combination is the product of the transmissivities of the component 
layers. Thus the transmissivity of two layers of common glass could 
be assumed to be 0.87 X 0.87 = 0.757. After estimating the trans¬ 
missivity of a glass area consisting of two or more layers, the proper 
correction factor to be applied to the values of heat gain from Table 
116 may be determined by interpolation from Table 118. 

For example, if a window consisted of three layers of special glass, 
each having a transmissivity of 0.7, the transmissivity of the combina¬ 
tion would be assumed to be 0.7 X 0.7 X 0.7 = 0.343. Interpolating 
in Table 118 the ratio of the heat gain through this combination to 
that through a single thickness of common glass is found to be approxi¬ 
mately 0.56. The heat gain through a glass area of this type would 

TABLE 121 
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then be assumed as 56 per cent of that computed for an equal area of 
common glass using the data in Table 116. 

The instantaneous total rates of heat gain through glass blocks is 
given in Table 121. The table is based on a temperature of the indoor 
air of 78 F, and the values given are for a day having a maximum 
outdoor dry-bulb temperature of 95 F. The values given were 
obtained at the ASIIYE Research Laboratory and are average for 
four typical glass-block designs, two with smooth exterior faces and 
two with ribbed exteriors. 

386. Heat Gain through Outside Walls and Roofs. Heat gain 
through building walls and roofs wh.ch are not exposed to the sun^s 
rays is given under conditions of steady flow by equation 147 and may 
be calculated in exactly the same way that heat losses are estimated. 

H = UA(to - ti) (147) 

where // = heat transmitted, Btu per hr. 

U = overall coefficient of heat transfer, Btu per hr per sq ft per 
deg F. 

A = roof or wall area, S(| ft. 

to = outside dry-bulb design temperature, deg F. 

ti = inside dry-bulb design temperature, deg F. 

Although this expression does not give the exact amount of heat 
delivered to the interior of a building when the outside temperature 
is varying because of time lag, it may be used without introduction 
of serious error because the temperature of the weather surface of such 
a wall or roof never exceeds the outdoor design dry-bulb temperature. 
However, for a roof or wall which is exposed to the sun’s rays, the 
temperature of the weather side may exceed the design outdoor-air 
temperature by many degrees, and it is necessary to consider time 
lag for reasons which have been explained in Art. 381. 

All four walls of a building standing by itself will receive direct 
radiation from the sun at certain times each day during the summer. 
However, as has been mentioned previously, absorption of solar energy 
by the weather side of a building wall or roof does not result in an 
immediate heat gain in the interior. Heat which may be expected to 
actually flow through to the inside air through either roofs or walls 
when in any of the common orientations are given for all hours of the 
day and for several different types of construction by the curves 
shown in Figs. 319 to 324 inclusive. Figure 324 which is applicable 
to west walls can also be used for walls facing southwest, and Fig. 
322 for east walls can be applied to walls facing southeast. Figures 



Heat flow, Btu per sq ft per hr 
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1 2-in. concrete, 

2 2-in. concrete, 
insulated 

3 2-in. concrete, 

4 2-in. concrete, 
insulated 

5 2-in. concrete, 
and slag 

6 2-in. concrete, 
insulated 

7 6-in. concrete, 

8 6-in. concrete, 
insulated 


smooth black pitch 
smooth black pitch 

single pitch and slag 
single pitch and slag 

double poured pitch 

single pitch and gravel 

single pitch and slag 
single pitch and slag 





7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 IJ 11 12 

AM PM Sun time A M 

{From ^'Heating Ventilating Air Condition Guide 1947." Used hy permission.) 

Fig. 319. Hcat-flow-tiinc relationship for horizontal roofs. 


9 2-in. gypsum, single pitch and slag 

10 2Hn. gypsum, single pitch and slag- 
insulated 

11 4-in. gypsum, single pitch and slag 

12 4-in. gypsum, single pitch and slag- 
insulated 

13 4-in. tile, single pitch and slag 

14 4-in. tile, single pitch and slag- 
insulated 

15 2-in. plank, single pitch and slag 

16 2-in. plank, single pitch and slug- 

u insulated 

^^7 2-in. plank, double pitch and slag 

^18 2-in. plank, smooth black pitch 
insulated-i—I—I—I—I—\— 
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319 to 324 inclusive were derived from the data of Fig. 317 taking 
into consideration the time lag for each wall or roof construction for 
which a curve was prepared. 

All the data which are presented in graphical form in Fig. 317 and 
in Figs. 319 to 324 inclusive were accumulated at the ASHVE Research 
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_ B-in. brick' 

■ 2 12-in. brick 
. 3 12-in. brick, 
insulated 
4 16-in. brick 
b 8-in. concrete 
6 4-in brick, 
8-in tile 


7 4-In. brick,8 in, 
tile, insulated 

8 4-in. brick, I—I 
frame ' 

9 4-in. brick, 
frame, insulatedi 

10 Frame 

11 Frame, rockj_ I 




7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 
P M Sun time A M 

{From "Heating Ventilating Air Conditioning Guide 1047.” Used by permission,) 

Fig. 321. Hoat-llow-tiiiie relationship for northern exposed walls. 



{From "Heating Ventilating Air Conditioning Guide 1947.” Used by permission.) 

Fig. 322. Heat-flow-time relationship for eastern exposed walls. 


Laboratory at Pittsburgh, Pennsylvania, where the atmosphere is 
somewhat hazy the greater part of the time. Many engineers believe 
they should be increased as much as 30 per cent when lused for esti¬ 
mating the load on summer cooling apparatus which is to serve a 
building in a locality where th« atmosphere is comparatively clear. 
Likewise these data are based on a maximum outdoor dry-bulb tem¬ 
perature of 95 F occurring at 3 p.m. and should be increased propor- 
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Sjouth walls 

1. 8-in. brick 

2. 12-in. brick 

3. 12-in. brick, - 

insulated .. 

4. 16-in. brick 

5. 8-in. concrete 




8 9 1011 12 1 2 3 A 5 6 7 8 9 1011 12 1 2 3 4 5 6 7 8 9 10 11 
AM PM Sun time A M 

{From Heating Ventilating Air Conditioning Guide 1947." Used by permiasion.) 

Fig. 323. Heat-flow-time relationship for southern exposed walls. 
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1. 8-in. brick 

2. 12-in. brick 

3.12-in. brick, insulated 

4. 16-in. brick 

5. 8-in. concrete 

6. 4-in. brick, 8-in. tile 

7. 4-in. brick, 8-in.tile, 

insulated 

8. 4-in. brick, frame 

9. 4-in. brick, frame, 

insulated 

10. Frame 

11. Frame, rock wool 


789 10 11 12 1 234 56 78 9 10 11 12 12 34 56 7 89 10 11 
AM PM Sun time A M 

{From "Heating VentUating Air Conditioning Guide 1947." Used by permission.) 

Fig. 324. Heat-flow-time relationship for western exposed walls. 
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tionately if used in localities where the proper outdoor design tempera¬ 
ture is greater than this figure. 

The latitude of a locality has little effect on the maximum rate of 
heat gain by the weather surface of vertical walls facing either east 
or west. Therefore, in estimating the cooling load for a building in 
which the gain through either of these walls is the major part of the 
maximum cooling load, the proper curve :r. either Fig. 322 or 324 could 
be used with slight error regardless of the geographical location of the 
building. However, the maximum amount of heat entering the 
weather side of a south wall vvould vary with the latitude of the loca¬ 
tion approximately the same as tin-, variation in the heat gain through 
common glass as given in Table 116. Until more complete information 
is available it is recominf iided that the following procedure be used 
for estimating the heat gain through a south wall when the building 
IS located in a locality that is a considerable distance north or south 
of 40° north latitude for which the curves of Figs. 319 to 324 were 
prepared. 

1. Determine the heat gain through the south wall in question for 
the time of day when the maximum cooling load is expected to occur, 
using the proper curve in Fig. 323. 

2. Multiply the heat gain of the south wall as estimated in step 1 
by the ratio of the heat entering the weather surface of a wall in the 
actual latitude to the heat entering the same surface of a comparable 
wall located at 40° north latitude. This ratio may be assumed to 
equal the ratio of the heat gains through common glass at the two 
different latitudes. 

The proposed method can best be illustrated by an example as 
follows: 

Example. Find the heat gain at 4 p.m. on August 1 through one sciuarc foot 
of a south wall consisting of wood siding, one-inch sheathing, 2 by 4 in. studs, 
lath and plaster, located at 30 dog north latitude. 

Solution. From curve 10, Fig. 323, the heat gain through a frame wall at 4 p.m. 
is found to be 5.7 Btu per sq ft per hr. From Table 113 it may be noted that the 
time lag for this type of wall is 2 hr so that the heat flowing through the inside 
surface at 4 p.m. is determined by the heat entering the outside surface at 2 p.m. 
The heat entering the outside surface may be assumed to be proportional to the 
heat transmitted through common glass as given in Table 116. The heat trans¬ 
mitted through one square foot of common glass in a south wall at 2 p.m. in 30° 
north latitude is 33 Btu per hr and in 40° north latitude is 66 Btu per hr. The 
rate of heat entry into the south wall at this hour is then only one-half what it 
would have been if the building had been located in the latitude for which the 
curves were drawn. The rate of heat gain through the wall of the example at 
4:00 P.M. may then be assumed to be (33 V 5.7) /66 = 2.85 Btu per hr per sqft. 
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Examination of Table 116 discloses the fact that the heat gain 
through a single pane of common glass for any particular hour through 
the warmest part of the day varies little with the latitude of the locality 
in regard to east or west exposures. Since the variation in the declina¬ 
tion angle of the sun due to the progress of the season affects the direc¬ 
tion of the sun’s rays with respect to the east and west walls of a 
building in the same manner as variation in the latitude of the locality 
for a given date such as August 1, it may be observed that the time 
of the year has little effect on the amount of solar radiation striking 
an east or a west wall during the warmest part of each day. There¬ 
fore the curves in Figs. 322 and 324 which were prepared for August 1 
could be used for an earlier or a later date. A rough approximation 
of the heat gain through a south wall for a date other than August 1 
can be made by using the method illustrated for making a correction 
for latitude. In making such an approximation use the section of 
Table 116 which applies to the latitude obtained by subtracting the 
difference between the actual declination angle of the sun, Table 117, 
and 18 from the degree latitude for the location of the building under 
consideration. 

Example. Find the boat gain through ono square foot of the south wall in the 
preceding example for July 2 instead of for August 1. 

Solution. From Table 117 it is found that the declination of the sun on July 
2 is approximately 23. Therefore the corrected latitude is 30 — (23 — 18) 
= 30 — 5 = 25 dog north, and the section in Table 116 applying to 25° north 
latitude should bo used. The heat gain through common glass at 2 p.m. when 
located at 25° north latitude is found to be 22 Btu per hr instead of 66 Btu per hr 
when at 40 deg north latitude. The rate of heat gain through one square foot of 
this wall on July 2 would then be estimated as (22 X 5.7)/66 = 1.9 Btu per hr. 

386. Conduction Heat Gains through Interior Partitions, Floors or 
Ceilings. It seldom happens that the entire interior volume of a 
building is air conditioned, so it is necessary to consider the heat that 
may be gained through either vertical or horizontal partitions separat¬ 
ing the conditioned spaces from other portions of the building. Heat 
gain from this source may be computed by application of the following 
equation. 

H = UA{U - tc) (148) 

where H — sensible heat gain, Btu per hr. 

U = overall coefficient of heat transfer, Btu per hr per sq ft 
per deg F temperature difference. 

A = area of the partition, sq ft. 

tn = temperature in the adjacent space which is not condi¬ 
tioned, deg F. 

tc = temperature in the conditioned space, deg F. 
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U may be calculated by means of either equation 44 or equation 45, 
Ohap. 4, or obtained from a suitable table. 

In every case it will be necessary for the designer to estimate the 
temperature in the unconditioned space on the opposite side of each 
interior partition. The temperature in a well-ventilated room above 
ground level may be assumed to be the same a ^ the temperature of the 
outdoor air. Attic temperacures will aupeiid principally upon the 
amount of ventilation provided but will usually be higher than those 
in other unconditioned spaces. The air temperature in an attic that is 
adequately provided with cress vertila.tion may be estimated as 5 to 
10 F above the outdooi temperati .re. Howev ^r, when no ventilation 
is provided, an attic temperature may reach a value up to 35 deg 
above that of the outdoor air. Heat gain through first-story floors 
‘ >\ er basements can usually be neglected and sometimes may be nega¬ 
tive as the basement temperature may be lower than that of a con¬ 
ditioned space above it. If considerable heat is liberated in an uncon¬ 
ditioned room by processes such as either washing clothes or cooking 
food the temperature in this space may be assumed as 15 deg above 
that of the outside air under summer design conditions. 

387, Heat and Moisture Emission of Appliances. Appliances fre- 
(piently used in air-conditioned spaces which may liberate heat or 
water vapor may be electrical, gas fired, or steam heated. An analysis 
must be made of the operation of all such applian(;es and the heat and 
moisture emissions to the conditioned space determined. Table 122 
gives a tabulation of several of the commonly used appliances together 
with approximate values for the sensible heat and moisture emitted 
when they are used. The increase in the latent-heat load on the 
dehumidifying apparatus due to the emisvsion of moisture by the 
appliances is also given. 

For a concentrated source of heat or moisture or both such as a 
steam table in a restaurant, it may be advisable to install a hood over 
the heated area to collect the warm air or water vapor rising from it, 
thus preventing it from becoming an added load on the cooling and 
dehumidifying equipment. However, to be effective, hoods must be 
connected by a duct to an exhaust fan capable of moving sufficient 
air to create a face velocity of at least 50 fpm. Even well-designed 
hoods over steam tables or similar appliances cannot be counted upon 
for the removal of more than 50 per cent of the heat emitted by them. 

Table 123 gives recommended allowances for heat gain from electric 
motors in different positions with respect to the conditioned space. 

388. Heat and Moisture Liberated by People Occupying a Condi¬ 
tioned Space. When a conditioned space is occupied by a large num- 
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TABLE 122 

Allowances to Be Made in the Estimation of Cooling Loads for the 
Heat and Moisture Emission of Appliances 


Appliance 
Electric lights 


Electric baking ovens, toasters, food 
warming receptacles, etc. 


Heat liberated from hot water direct 
and on towels in a barber shop 
Hair dryer, blower type 
Hair dryer, helmet type 
Permanent-wave machine 
Instrument sterilizer 
Small bunsen burner using manufac¬ 
tured gas 

Small bunsen burner using natural gas 
Fish-tail burner using manufactured 
gas 

Fish-tail burner using natural gas 
Natural gas burned in unvented 
burner, per cu ft of gas burned per 
hr 

Manufactured gas burned in un- 
vented burner, per cu ft of gas 
burned 

Producer gas burned in unvented 
burner, per cu ft of gas burned 
Continuous-flame cigar lighter 
Coffee urn, per gal of capacity 
Heat liberated by food in a restau¬ 
rant, per person 

Steam table, per sq ft of top surface 
Steam heated surface, not polished, 
per sq ft 

Steam heated surface, polished, per 
sq ft 

Bare steam pipes, per sq ft of surface 
Insulated steam pipes, per sq ft of 
surface 


Sensible 

Moisture 

Increase in 
Latent- 

Heat 

Emitted, 

Heat 

Emitted, 

Grains 

Ix)ad, 

Btu per Hr 

per Hr 

Btu per Hr 

Total Watt¬ 

0 

0 

age Times 
3.416 

Total Watt¬ 

Total Watt¬ 

Total Watt¬ 

age Times 

age Times 

age Times 

2.733, As¬ 

4.55 

0.683, As¬ 

suming 80 


suming 20 

Per Cent 


Per Cent 

of Total 


of Total 

100 

1335 

200 

2300 

2670 

400 

1870 

2200 

330 

850 

1000 

150 

650 

8000 

1200 

960 

1600 

240 

1680 

2800 

420 

1960 

3260 

490 

3080 

5130 

770 

900 

667 

100 


540 

400 

60 

135 

100 

15 

900 

667 

100 

1025 

6830 

1025 

30 

200 

30 

300 

5330 

800 

330 

0 

0 

130 

0 

0 

400 

0 

0 

no 

0 

0 
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TABLE 123 

Sensible Heat Gain from Electric Motors 

_ Heat Gain, Btu per Hr per Hp of Rating 

Connected Load in Motor in Air- Motor and Connected 
Air-Conditioned Space, Conditioned Spa^c, Load Both in Air- 
Name-Plate Rating, Hp Motor Outside Load Outside Conditioned Space 

A f-o i 2546 2354 4900 

i to i ?546 1 74 3920 

J to 3 2f46 724 3220 

3 to 20 2540 454 3000 

20 to 150 2546 284 2830 

ber of people the heat and moisture emitted from their bodies may 
constitute the major portion of a s^'m. ler cooling load. The heat and 
moisture emission from the human body undei different circumstances 
has been discussed in (.'hap. 3. Table 124 is provided for the con¬ 
venience of the reader. 

TABLE 124 

Heat and Moisture J]mitted by Occupants op an Air-Conditioned Room 

Maintained at 79 F* 

Total Sensible liatont Moisture, 
Description of Heat, Heat, Heat, Grains 

Occupants' Activity Btu per Hr Btu per Hr Btu per Hr per Hr 
Seated and at rest 384 225 159 1072 

Seated but moderately active 

(ofHcc worker) 490 225 265 1787 

Standing but not exercising 

(reception) 431 225 206 1389 

Moderately active (store 

clerk) 600 225 375 2529 

Continuous walking at 2 inph 

or light dancing 761 250 511 3446 

Rapid walking at 4 mph, ac¬ 
tive dancing or roller skat¬ 
ing 1390 452 938 6325 

Light metal worker at bench 862 277 585 3945 

Bowling 1500 490 1010 6811 

Men sawing wood (heavy 

labor) 1800 590 1210 8160 

* Abstracted by permission from a tabic prepared by the Air Conditioning 
Department, General Electric Company. 

389. Heat and Moisture Brought into Conditioned Spaces by Out¬ 
door Air. Since the temperature of the outdoor air is greater than that 
of the spaces served, under design conditions, the sensible-heat load 
on the cooling apparatus is increased in an amount that is directly 
proportional to the amount of this air that finds its way into the con¬ 
ditioned rooms. Outdoor air may be brought in deliberately for the 
purpose of providing ventilation, or it may come in by infiltration 
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through cracks in the building structure. In addition to increasing 
the sensible heat load, the introduction of outdoor air usually brings 
in excess moisture which increases the relative humidity in the condi¬ 
tioned rooms unless it is removed by condensation in the equipment 
that is provided for dehumidification. The correct design of a summer 
air-conditioning machine requires an estimation of both the sensible 
heat gain and either the latent heat gain or the moisture gain due to 
the introduction of outdoor air into the space that is to be conditioned. 
The following expressions may be used. 


Ht = W{K - hi) 

(149) 

W{m„ - mi) 

7000 

(160) 

Hl = M X hfg 

(151) 

th = Ht- H,. 

(152) 


where Ht 
W 

h /0 and h% 
M 

rrio and nii 
Hr. 

hfg 

H, 


total heat gain due to introduction of outdoor air, Btu 
per hr. 

estimated weight of outdoor air entering conditioned 
space, lb of dry air per hr. 

enthalpies of outdoor and inside air respectively, Htu 
per lb of dry air. 
moisture gain, lb per hr. 

humidity ratio of outdoor and inside air respectively, 
grains per lb of dry air. 
latent-heat gain, Btu per hr. 

latent heat of vaporization of water vapor, average value 
1050 Btu per lb. 
sensible-heat gain, Btu per hr. 


Ventilation requirements are discussed in Chap. 14. Infiltration 
may be estimated by the method that is given in C'hap. 4 except that 
the density used in converting volume to weight would be lower owing 
to the higher temperature of the air. In general the weight of outdoor 
air entering a building by infiltration is less in summer than in cold 
weather because of lower air density, lower wind velocity, and a smaller 
difference between the densities of the outdoor and indoor air. Infil¬ 
tration of outdoor air may be estimated by assuming a reasonable 
number of air changes per hour, taking into consideration the con¬ 
struction and use of the building under consideration (see Table 125). 
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TABLE 125 

Approximate Number of Air Changes per Hour Due to Infiltration in 

Summer 

Estimated Number of 
Arrangement of Openings Air (Changes per Hour 

No windows or outside doors f 

Windows or doors in one wall 1 

Windows or doors in two walls 1-J 

Windows or doors in three or four walls 2 

Stores 2 

The preceding table applies to rooms in which the doors are closed 
practically all the time. In air-conditioned spaces such as stores, 
banks, and barber shops the estimate of air infiltration should be 
mcreased to allow for frequcait opening and closing of doors. Infiltra¬ 
tion of outside air in cubic feet per minute may be assumed to be 
1.3 times the number of persons passing in or out per hour for a 72-in. 
revolving door and 2 times the number of persons passing per hour for 
a 36-in. swinging door. If the doors arc left open the infiltration may 
be assumed as 1200 cfm and 800 cfm respectively. If doors must be 
provided on opposite sides of a building which is to be air conditioned, 
entryways each provided with two sets of doors should be provided 
as the infiltration through two doors on opposite sides of a building 
which are opened simultaneously may exceed 10,000 cfm. 

In tall buildings which are air conditioned in summer there may be 
an appreciable reversed stack effect because the air inside has a lower 
temperature and consequently a greater weight per unit volume than 
the outdoor air. The greater density of the column of air in the 
building causes the inside pressure on the lower floors to be greater 
than that outside. There is, therefore, a tendency for the conditioned 
air to flow out through any cracks in the lower part of the structure 
and for it to be replaced by an inflow of warm outdoor air through 
cracks in the upper portion. 

Infiltration of outdoor air may be neglected when large amounts of 
ventilating air are used and the conditioned space has relatively few 
windows, provided that there is no mechanical exhaust system. In 
this case, a pressure slightly greater than atmospheric is maintained in 
the rooms that are served by the system. 

Sensible heat and moisture gains due to infiltration of outdoor air 
into the conditioned space must be estimated separately from the 
same items for outdoor air that is drawn through the air-conditioning 
machine. The cooling and dehumidifying coil or washer is required 
to remove the excess sensible heat and the excess moisture from all the 
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fresh air entering the rooms served, but the required condition of the 
air delivered is affected only by the outdoor air which enters by 
infiltration or is by-passed around the conditioning machine. It is 
not affected by the fresh air brought in through the cooling and 
dehumidifying apparatus because the excess sensible heat and the 
excess moisture of the outdoor air are removed in the air-conditioning 
unit and are not absorbed by the air delivered to the conditioned 
spaces by the conditioner. This point will be further discussed in the 
next chapter. 

TABLE 126 

Peumkability of Various Materials to Water Vapor* 

Permeability, 
Grains per Sq Ft 

Group Material (Hr) (Inch Hg) 


Plaster base and plaster -f, in. 

14.7 

Fir shc‘athing, J iu. 

2.9 

Waterproof paper t 

49.1 

1 1 Pine lap siding 

4.9 

Paint film 

3.4 

Sugar cane fiberboard, in. 

12.5 

Brick masonry, 4 in. 

1.1 

Foil-surfaced reflective insulation, double-faced 

0.08 to 0.13 

Roll roofing, smooth, 40 to 65 lb per roll 108 sq ft 

0.13 to 0.17 

Duplex or laminated papers, 30-30-30 

1.37 to 2.58 

Duplex or laminated papers, 30-60-30 

0.52 to 0.86 

Duplex paper, coated with metallic oxides 

0.52 to 1.29 

Insulation backup paper, treated 

0.86 to 3.42 

Plaster, wood lath 

11.00 

Plaster, 3 coats of lead and oil 

3.68 to 3.84 

2§ Plaster, 2 coats of aluminum paint 

1.15 

Plaster, fiberboard or gypsum lath 

19.73 to 20.57 

Plywood, i-in., 5-ply Douglas fir 

2.67 to 2.74 

Plywood, 2 coats of asphalt paint 

0.43 

Plywood, 2 coats of aluminum paint 

1.29 

Gypsum lath with metallic aluminum backing 

0.09 to 0.39 

Insulating lath and sheathing, board type 

25.68 to 34.27 

Insulating sheathing, surface-coated 

3.03 to 4.36 

Insulating cork blocks, 1 in 

6.19 

Mineral wool, unprotected, 4 in. 

29.07 

Sheathing paper, asphalt impregnated, glossy 

0.17 to 2.05 

♦From Heating Ventilating Air Conditioning Guide 1948.” Used by per- 

mission. 


t “Calculating Vapor and Heat Transfer through Walls,” 
Heating and Ventilating, November 1938. 

by L. G. Miller, 

t Light weight slaters felt used to keep rain from drifting through. Not used 

as a vapor barrier. 

§“How to Overcome Condensation in Building Walls and 
Teesdale, Heating and Ventilating, April 1939. 

Attics,” by L. V. 
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390. Moisture Gain through Walls. Atmospheric air is made of 
dry air and water vapor, each of which exists at its own partial pres¬ 
sure. Even if the total pressure is the same on the two sides of a wall 
or partition there will be a difference in the partial pressures of the 
water vapor if the humidity ratio of the air on one side is greater than 
the same property on the other side. Therefore there is always a 
tendency for water vap or to pass throug^ the enclosing envelope of an 
air-conditioned space when th? humidity ratio is maintained at a lower 
level than that of the surrounding air. Unites the walls or partitions, 
separating the conditioned space from the outside air or from adjoining 
spaces, include a vapor barnei, th. re may be an appreciable moisture 
gain iHjm this source. 

The total amount of wtiter vapor transmitted in this manner to a 
c<»ndit,ioncd space is de.pendcnt on the vapor-pressure difference and 
on the permeability of the wall, which is usually expressed in grains 
of moisture per square foot per hour per inch of mercury pressure 
difference. Table 126 gives values for the permeability of various 
materials used in building construction. 

In general, the moisture gain by transmission through the walls, 
floor, and ceiling of the conditioned spa(;e would be a negligible portion 
of the total moisture gain, but for a warehouse where there are few 
occupants and where little ventilation air is used it may be the prin¬ 
cipal factor contributing to the latent heat load on the conditioning 
apparatus. 

391. Heat Gain through Duct Walls. Heat gains through duct 
walls will occur when cither supply or return ducts pass through por¬ 
tions of the building which arc not cooled. The greatest gain is likely 
to occur through the walls of the supply duct because of the greater 
temperature differential. The heat gain from this source may be 
estimated by means of the following equation. 

H = UA{io - ti) (153) 

where H = heat gain, Btu per hr. 

U = overall coefficient of heat transfer outside air to inside air 
(1.3 for uninsulated ducts, 0.41 for ducts insulated with 
■J^in. cork or equivalent), Btu per hr per sq ft per deg F. 
U is affected by the velocity of the air stream. The 
values given are average ones for air-conditioning systems. 

A = outside surface area of ducts passing through uncondi¬ 
tioned space, sq ft. 

to = air temperature in the unconditioned space outside of the 
duct, deg F. 

ti = air temperature inside duct, deg F. 
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In general, heat gains through duct walls may be neglected, but where 
long ducts must pass through unconditioned spaces or where ducts 
pass through an enclosure such as a boiler room or an unventilated 
attic they should be estimated and included in the total cooling load 
used as a basis for the selection of the refrigerating equipment. 

392. Heat Gain from Fan Work. The energy delivered by the 
blades of a fan in an air-conditioning system is eventually converted 
into sensible heat by friction between the moving air particles and the 
duct walls and by friction between the particles themselves. This 
heat becomes part of the sensible heat which must be removed by 
the cooling unit, and if the fan is located in the discharge side of the 
cooling coil or washer it wiW also effect the required condition of the 
air leaving this section of the conditioning apparatus. If bearing 
friction is neglected, the heat from which may not reach the air stream, 
the heat gain from fan work is equal to the shaft horsepower times 
2545 expressed in Btu per hour. 

393. Duct Leakage. Leakage of treated air from supply ducts 
passing through spaces which are not conditioned must be compen¬ 
sated by the treatment of additional supply air resulting in an increased 
load on the apparatus. It is vsaid that as much as 30 per cent of the 
supply air may be lost in this manner where long ducts have been 
carelessly fabricated. It is not necessary to provide extra refriger¬ 
ating and air handling capacity to compensate for duct leakage in 
ordinary systems if good workmanship in fabricating the ducts can 
be depended upon. However, in systems w^hich include long runs, an 
allowance of from 5 to 10 per cent should be included for this item 
depending upon the length of the runs. 

394. Survey. In making an estimate of the cooling load to be 
imposed on an air-conditioning machine it is necessary to obtain all 
the pertinent facts about the local summer weather, the building or 
space to be served, and the indoor conditions that will be satisfactory 
for its usage. If building plans of adecpiate size are available the 
necessary information may be entered on them as the survey is made. 
Several of the large manufacturers of air-conditioning equipment are 
in a position to furnish their customers with special printed forms which 
are a convenience in making the survey and in estimating the cooling 
load. 

396. Example of Cooling-Load Calculations. There is no standard 
procedure which may be used in estimating the cooling load of a pro¬ 
posed summer air-conditioning plant because each individual installa¬ 
tion is likely to present problems which are peculiar to it alone. The 
purpose of the following illustrative calculations is to indicate a method 
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of approach which in a general way is applicable to problems of tliis 
type. 

Example. Figure 325 shows a plan of a restaurant which is to be etjuipped witii 

11 system capable of maintaining comfort c*oiKlitions in the se/ving area during hot 
weather. The following information was obtained from a thorough preliminary 
survey. Design conditions: outside, 95 F dbt, 78 F wbt, 72 F dpt, and 47 per cent 
relative humidity; inside, 80 F dbt. 66.7 F wbi, 60 F dpt, and 50 per cent relative 
humidity. Building data: location near 40 deg north latitiuh*; ceiling height, 

12 ft; outer walls, 8-in. brick; common wall with adjacent store, 8-in. brick; 
partition between the serving area and the kitchen, by 4 in. studs with lath and 
plaster on both sides; windows oi single-lhick/iess glass, 8 ft high and equipped 



with canvas awnings; the door will be considered as part ol a continuous window; 
and horizontal roof of 6-in. concrete, single pitch and slag, and insulatc'd. The 
building includes a basement. Equipment located in the area to be conditioned: 
three coffcie urns, 3-gal capacity each; one 5000-watt toastc'r; and total lighting 
load 6000 watts. Miscellaneous information; The restaurant is open from 6 a.m. 
until 10:00 p.m. The rush hours are from 6:30 to 7:30 a.m., 12 noon to 1:00 p.m., 
and from 6:00 to 7:00 p.m. The entire seating capacity (80 persons) may be used 
during the rush hours. One cashier and eight waitresses work in the serving area 
during those periods. 

Solution. Because of the large heat and moisture gain from the ocfuipants 
during the rush hours the peak load on the cooling apparatus is certain to occur 
either around 12:30 p.m. or around 6:30 p.m. The total heat gain from all sources 
will be calculated for each of these two periods for August 1. The calculations 
for the midpoint of the lunchtime rush hour are made as follows: 

1. Sensible-heat gain through east window and door. (The door will be con¬ 
sidered as part of the window.) Since a canvas awning does not appreciably 
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reduce the heat gain through a glass area in an east wall after 12 noon sun time, 
Table 116 may be used without correction. Heat gain at 12:30 p.m. = 16.0 Btu 
per sq ft per hr. ili = 8 X 45 = 360 sq ft. Hi = 16 X 360 = 5760 Btu per hr. 

2. Sensible-heat gain through east wall exclusive of window and door. Heat gain 
through 8 -in. brick wall with an eastern exposure at 12:30 p.m. from curve 1, 
Fig. 322, is 3.8 Btu per sq ft per hr. Net wall area = (12 X 54) — 360 = 288 sq 
ft. H 2 = 3.8 X 288 = 1093 Btu per hr. 

3. Sensible-heat gain through south window shaded with a canvas awning. Heat 
gain through single unshaded common glass with a southern exposure at 12:30 
P.M. from Table 116 — 89.5 Btu per sq ft per hr. Correction factor due to shading 
by a canvas awning from Table 119 = 0.3. ^2 = 8 X 32 = 256 sq ft. Hz == 
89.5 X 0.3 X 256 ** 6870 Btu per hr. 

4. Sensible-heat gain through south wall exclusive of window. Heat gain at 
12:30 P.M. from curve 1, Fig. 323, is 1.5 Btu p<jr hr per sq ft. A 4 = (12 X 40) — 
256 = 224 sq ft. H 4 « 1.5 X 224 = 336 Btu per hr. 

5. Sensible-heat gain through the portion of the west wall which is exposed to 
the weather. Heat gain through 8 -in. brick wall at 12:30 p.m. from curve 1, Fig. 
324, is 1.5 Btu per sq ft per hr. ^5 = 12 X 19 = 228 sq ft. Ih - 1.5 X 228 = 
342 Btu per hr. 

6. Sensible-heat gain through west wall separating the restaurant from the uncon¬ 
ditioned adjacent store. It will be assumed that the store is well ventilated and 
that the temperature in the store is the same at all times as that of the outdoor air, 

Fig. 315. Equation 148 will be used. H « UA{Tn — Tc)V(i -- - -- 

— +- + — 
1.65 5 1.65 

= = 0.356. ile « 12 X 34 = 408 sq ft. He = 0.356 X 408 X (92 - 80) 

2.0I 

= 1742 Btu per hr. 

7. Sensible-heat gain through interior partition separating serving area from the 
kitchen. The temperature in the kitchen will be taken as 15 deg above the outdoor 
temperature at 12:30 p.m. or 92 -f 15 — 107 F. The door will be included as part 
of the partition. The resistances to heat transfer through this partition are 
two inside-air films, two separate walls of lath and plaster and an air space between 

them. Ui = —-^= 0.359. A? = 12 X 40 = 480 sq ft. 

2 2 1 2.782 

1.65 2.6 1.3 

Hy = 0.359 X 480 X (107 - 80) = 4650 Btu per hr. 

8. Sensible-heat gain through roof. Heat gain at 12:30 p.m. through one square 
foot of insulated concrete roof 6 in. thick from curve 8 , Fig. 319, is 2.0 Btu per sq 
ft per hr. As = 40 X 54 = 2160 sq ft. Hs = 2 X 2160 = 4320 Btu per hr. 

9. Sensible-heat gain from the toaster and the lighting. The sensible heat liber¬ 
ated by various appliances is given in Table 122. He = (5000 + 6000) X 3.416 
— 37,600 Btu per hr. 

10. Sensible-heat and latent heat gains from three coffee urns (each has S-gallan 
capacity, Table 122. Hio « 3 X 3 X 1025*— 9225 Btu per hr of sensible heat. 
Hio « 3 X 3 X 1025 =* 9225 Btu per hr of latent heat. 

11. Sensible-heat and latent-heat gains from inactive occupants {customers and 
cashier). From Table 124 it is found that the sensible heat emitted by the average 
persons at rest in an air-conditioned room maintained at 79 F is 225 Btu per hr 
and that the latent heat emitted is 159 Btu per hr. Although the design inside 
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temperature is 80 F the data of Table 124 may be used with slight error. Hu — 
226 X 81 = 18,200 Btu per hr of sensible heat. Hn = 159 X 81 = 12,900 Btu 
per hr of latent heat. 

12. Scnsible-hcQt atid laient-heat Qdin from active occupants {eight waitresses). It 
will be assumed that the activity of the waitresses is equivalent to rapid walking 
under which condition the sensible heat and latent heat emitted per person are 
found from Table 124 to be 452 Btu per hr nnd 9.-8 Btu per hr, respectively. 
Hi 2 = 452 X 8 = 3616 Bti. per hr of sensible Iw .i. /ijj = 938 X 8 = 7504 Btu 
per hr of latent heat. 


13. Sensible-heat and latent-heat gains due to the ‘'ntroduction of outside air for 
the purpose of ventilation. Beenuse of the expense involved in conditioning this 
air, a minimum volume of 10 cfn per p i-so i vill be used. Assuming standard 
barornetfia pressure the vol ame of one pound of dry air and contained water vapor 
at 92 F dbt and 77 .j F wbt is 14.27 cu ft per lb. (It is assumed that the specific 
humidity is the same as und' r the d»;sign conditions of 95 F dbt and 78 F wbt 
occurring at 3:00 p.m.) Ihe weight of th»‘ dry air brought in for ventilation = 
0 X 89 X 60 -r- 14.27 = 3740 lb per hr. Using equations 149 to 152 inclusive. 
Ht — W{ho — hi) — 3740(40.6 - 31.4) = 34,400 Btu per hr of total heat. 


A! = 


W{mo — m,) 

Tim 


[3740(118 - 76.5)1 
7000 


= 22.15 lb per hr of moisture. 


IIl = 


W X hfg = 22.15 X 1050 = 23,200 Btu per hr of latent heat. Ha = Ht — Hl 
~ 34,400 — 23,200 = 11,200 Btu per hr of sensible heat. 

14. Sensible-heat and latent-heat gains from the warm food on the tables in the 
serving area. From Table 122 it may be found that the sensible heat and the 
latent heat from this source each amounts to approximately 30 Btu per person. 

= 30 X 80 = 2400 Btu per hr of sensible heat. .^14 =* 30 X 80 = 2400 Btu 
per hr of latent heat. 

Because of the outdoor air introduced for the purpose of ventilation, a slight 
pressure will be maintained in the conditioned area, and infiltration of outside air 
may be neglected. Moisture gain through the walls due to the higher vapor 
pressure on the opposite sides would be a negligible factor in this restaurant 
because of the large amount of moisture gain from interior sources and in the 
ventilating air. Since all the area to be served by the machine is in one room 
there will be no long ducts, and heat gain through the walls of the distributing 
ducts can be neglected. Likewise, it is not necessary to allow for loss of conditioned 
air through duct leakage. 

By duplicating the foregoing procedure, calculations may be made for 6:30 
p.M. The greater of the two totals will be the heat gain used in the design or selec¬ 
tion of the conditioning unit. All the pertinent data from the two sets of calcula¬ 
tions are given in Table 127. 

By a coincidence the estimated total-heat gain for this restaurant is practically 
the same at 6:30 p.m. as at 12:30 p.m. Some of the heat-gain items are larger 
at the later hour, but the increase in these items is almost exactly balanced by the 
decrease in certain others. The maximum heat gain of any room or building 
which is to be air conditioned can be estimated by application of the same general 
procedure that was used in the foregoing example. However, the detailed items 
must be suited to the particular case at hand. Items which arc extremely impor¬ 
tant in one space may be negligible in another used for a different purpose, and 
vice versa. In making the calculations for certain other types of buildings, it 
may be necessary to estimate the total heat gain for more than two periods during 
the day in order to definitely determine the maximum. 
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TABLE 127 

Tabulation op Heat Gains for Restaurant Shown in Fig. 325 


Item Number 
Referring to 
Previous 
Calculations 

At 12:30 p.M. 

At 6:30 p.M. 

Sensible Heat, 
Rtu per Hr 

Latent Heat, 
But per Hr 

Sensible Heat, 
Btu per Hr 

Tiatent Heat, 
Btu per Hr 

1 

5,760 

0 

1,080 

0 

2 

1,093 

0 

2,304 

0 

3 

6,870 

0 

768 

0 

4 

336 

0 

1,430 

0 

5 

342 

0 

1,368 

0 

6 

1,742 

0 

1,885 

0 

7 

4,650 

0 

4,825 

0 

8 

4,320 

0 

10,130 ’ 

0 

0 

37,600 

0 

37,600 

0 

10 

9,225 

9,225 

9,225 

9,225 

11 

18,200 

12,900 

18,200 

12,900 

12 

3,(Uf) 

7,504 

3,616 

7,r>(M 

13 

10,200 

23,200 

10,200 

23,200 

14 

2,400 

2,400 

2,400 

2,400 

Totals 

106,354 

557229 

105,031 

55,229 

Grand total 

161,583 


160,260 




CHAPTER 18 

APPARATUS FOR PRODUCING COMFORT IN SUMMER 

396. Trends in Summer Air Conditioning. Development of appa¬ 
ratus for producing sumnuir comfort has lagged far behind improve¬ 
ments wi lieating equipment oeca’.isc summer cooling has been con¬ 
sidered less essential than winter heating. Because of the compara- 
ti\oIy small number of ho-us pe» yea" that cooling ecpiipment is used 
^.nd rather high fixed expenses, the cost per hour of comfort produced 
by such equipment is usually much higher than with a hciating system. 
Usually property damage does not result from the high temp(n*atures 
of summer, and they do not often constitute a serious threat to human 
life, so the average home owner with a modest income prefers to suffer 
some discomfort during the periods of high outdoor temperatures 
rather than spend the amount of money that would be rcfiuired for the 
installation and operation of the equipment that would be necessary 
for its alleviation. 

However, installations for summer air conditioning have paid good 
dividends in the form of increased sales, more work turned out by 
employees, or better quality products in many commercial establish¬ 
ments. Equipment for cooling and dehumidifying summer air is now 
regarded as a necessity by the management of certain types of business 
enterprises. Home owners who have enjoyed the comfort produced 
by summer air conditioning while at work or while visiting or shopping 
are likely to try to find some practical way of bringing the samc^ com¬ 
fort to their homes. It therefore appears likely that well-designed 
summer air-conditioning apparatus of all types will find an ever- 
increasing market for many years. 

397. Use of Fans for the Production of Comfort in Summer. Circu¬ 
lation of night air, induced by a suitable fan placed in the attic can 
bring a considerable measure of relief from the discomfort of hot 
summer evenings. Figure 326 shows a feasible arrangement and sug¬ 
gests a possible schedule for a two-story home in which the living 
room is located on the first story and the bedrooms are on the second 
story. The fan draws comparatively cool night air through the open 
windows of the rooms that are being used, and the combination of 
lowered air temperature and increased air movement usually produces 

559 
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a tolerable effective temperature in the path of the flowing air. It is 
recommended that a fan be selected which has the capacity to provide 
20 to 30 air changes per hour or one air change every 2 or 3 min. In 
a home having an internal volume of 10,000 cu ft, a fan capable of 


,Fan _^ 

— 

ffl ffl ffl 

-j_- 

1 St Floor Windows Open 
During Evening 

Fkj. 326. Night-air cooling system. 

handling between 3000 and 5000 cfm would be required to produce 
the best results which are possible with this method. 

Several manufacturers are offering fans designed especially for the 
circulation of night air through homes. Figure 327 shows a fan of this 

type complete with belt and driv¬ 
ing motor. The fan may be pla(;ed 
in a wall of an enclosure over a 
suitable grille set in the floor of the 
attic as indicated in Fig. 326, or it 
may be placed in a gable of the 
attic. If the gable location is used 
louvers must be provided at the 
fan outlet, and all cracks in the roof 
or between the roof and side walls 
must be filled to prevent the fan 
from drawing outdoor air directly 
into the attic instead of pulling it 
through the lower portions of the 
house. Grilles in the floor of the 
attic should be placed over a hall 
on the floor below and should be 
covered with a pad of insulating 
material during the heating season. A stairway leading to the attic 
may be used in place of a grille in the attic floor if it happens to be suit¬ 
ably located. 



(Lau Blower Co.) 

Fia. 327. Attic fan for circulation of 
night air. 
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If the use of an attic fan is not feasible, circulation of night air 
through a home or an apartment may be produced by a fan of suitable 
design placed in a window and directed so as to exhaust air from the 
room in which it is located. The room selected foi' the fan location 
should preferably be the one that is used the least during the evening 
and night, and all windows in this room mu^t I’emain closed except 
the one occupied by the fan. Fan uniis designed for use in windows 
can easily be transferred from one window to another. An ordinary 
16-in. circulating fan supported so as to face an open window at a dis¬ 
tance of approximately 3 ft will exhaust a considerable volume of 
indoor .nr and thus induce a flew of flight air thr mgh the open windows 
in adjacent rooms. 

Although circulation of night air ‘s a very practicable method of 
'•elicving or at least reducing hot-weather discomfort in homes or 
other buildings, completely satisfactory summer air conditioning 
tequires the employment of equipment which is much more 
intricate. 

398. Requirements of Summer Air-Conditioning Plants. Summer 
air-conditioning plants must include one or more fans for producing 
the refiuired amount of air circulation, a filter for air cleaning, and 
apparatus for cooling and dehumidification. The majority of summer 
air-conditioning machines also include a provision for reheating the 
air when necessary. The incorporation of an odor-absorbing unit, 
Art. 318, often permits the recirculation of a greater proportion of the 
air and affects a reduction in operating expense. 

The various processes by which air may be cooled, dehumidified, 
and reheated have been discussed in Chap. 2. Some of the equip¬ 
ment which may be used in summer air-conditioning systems is illus¬ 
trated and its applications discussed in the following articles. 

399. Remote Room-Cooling Units. The simplest type of summer 
air conditioner is the remote room-cooling unit, the principal parts of 
which are a motor-driven fan and a finned-tube coil. The cooling 
medium supplied to the coil may be either liquid refrigerant, chilled 
water or brine from a refrigerated cooler, or simply cold water from 
either a well or a city water system. Satisfactory results can be 
achieved with AVater from either a well or a water main only if it is 
available at temperatures which do not exceed 60 F at any time. 
In many communities, limited pumping or pipe-line capacity may 
make it impractical to use water from the city system for this purpose 
even where it is available at suitable temperatures. In addition to 
the principal parts which have been mentioned, remote room coolers 
usually include some sort of air filter, a set of louvers to direct the 
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flow of the cooled air, and a suitable pan with drain connection for 
handling the water which is removed from the air stream. 

Remote units are made in two distinctly different types. One 
style is arranged for suspension from the ceiling as shown in Fig. 328 
while the other is designed for placement on the floor as shown in 
Fig. 329. Small units of the ceiling style usually employ propeller- 



(From ** Heating Ventilating Air Conditioning Guide 1948.” Used by permission.) 

Fig. 328. Suspended propeller-fan-type unit air conditioner. 



(a) 



Refrigerant Pipes 
'^Wiring Conduit 
(b) 

{WestinghouHe Electric Corp.) 


Fig. 329. Floor-type air conditioner with external refrigerating unit. 


type fans whereas those arranged for the floor position usually incor¬ 
porate one which operates on the centrifugal principle. The floor- 
type unit is usually arranged to discharge the cooled air upward and is 
provided with one or more inlet grilles in the lower part of the cabinet. 
Units of this style are usually encased in a housing which is given an 
attractive exterior finish and are commonly used in either homes or 
offices. Units of the suspended type are well adapted to the cooling 
of stores, restaurants, and other commercial establishments. Either 
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style may be obtained in capacities varying from ^ to 2 tons. Both 
of the units shown in P^igs. 328 and 329 are provided with direct expan¬ 
sion coils which must be supplied with liquid refrigerant from a remote 
condenser. The coils shown must also be connected with the suction 
side of a remote compressor in order that the refrigerant vapor may 
be removed. The compressor and the condenser may be located in 
the basement of the building as indicated !n Fig. 329e or in an adjacent 
room or closet as indicated in part b of the same figure. If the con¬ 
denser provided is designed for air cooling, outdoor air is often used 
for this purpose, and suitable openings in an exterior wall must be 
provided for the intake and dischaigd of this air as indicated in Fig. 
3296. The direct-expansion 
coil of any remote unit may be 
replaced by a coil which is de¬ 
signed to circulate either chilled 
water or chilled brine, provided 
that the coordinating refriger¬ 
ating unit is adapted to the 
cooling of these circulating 
media. Where cold water is 
available in adequate amounts 
and at suitable temperatures 
all the afore-mentioned refrig¬ 
erating apparatus may be dis¬ 
pensed with, and only suitable 
water supply and waste con¬ 
nections arc required. 

400. Self-Contained Room- 
Cooling Units. A self-con¬ 
tained r o o m-c o o 1 i n g unit 
incorporates a small mechanical 
refrigerating plant and docs not 
require a supply of cither liquid 
refrigerant or chilled water. 

However, some means must be 
provided for carrying away the 
heat that is given up by the 
refrigerant as it passes through the condenser. This may be accom¬ 
plished by a stream of outdoor air, handled by a separate fan in an 
air-cooled condenser, or by means of cooling water in a water-cooled 
condenser. The air-cooled condenser is the type in most common use 
in self-contained room-cooling units. Water to be used as condenser 



(Chryaler Corp.) 

Fig. 330. Open view of self-contained 
room-cooling unit. 
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cooling water is not required to be initially as cold as with water for 
use in the air-cooling coil of a remote unit, and a smaller amount may 
be used since a higher rise in temperature will not interfere with the 
results produced. 

Figure 330 shows a typical self-contained unit employing a water- 
cooled condenser and a direct-expansion coil for the cooling and 
dehumidification of the air. 

401. Summer Central Systems. A central system for summer air 
conditioning may employ any one of many different arrangements of 
apparatus. When the building usage is such as to require 100 per cent 
fresh air as might be the case with a theater, arrangement 1 in Fig. 
331 is the one most commonly used. This arrangement may be modi¬ 
fied so as to permit recirculation of part of the air by connecting a 
recirculating duct into the machine housing between the outside-air 
intake and the filter. Dampers must be provided in both the outside 
intake and in the recirculating duct to provide a means of controlling 
the air proportions. Automatic controls for such a damper combina¬ 
tion are discussed in Chap. 20. When the space served by a central 
system of this type is divided into zones a smaller reheat coil may be 
installed in each zone-supply duct in place of the one large coil near 
the fan outlet. The steam or hot-water supply to each coil may then 
be controlled by a separate thermostat located in the zone served by 
it. When more than one system is to be installed in a building, 
installation and maintenance costs may be reduced by substituting 
a chilled-water coil for the direct-expansion coil in each system, in 
which case a central water-chilling unit such as the one described in 
Art. 372, supplies chilled water to all of the air cooling coils in the 
building. The compressors, condensers, and expansion coils would 
then be eliminated from the individual units. 

Arrangement 2 in Fig. 331 illustrates the use of a chilled-water spray 
for the cooling and dehumidification of the air supply to all the zones. 
This arrangement employs a separate fan for each zone and provides 
for the recirculation of different proportions of air in the different 
zones. Provision for recirculation within each zone makes use of the 
by-pass method, which will be discussed in Art. 405. 

Arrangement 3 in Fig. 331 shows a major digression from the prin¬ 
ciples of the other arrangements in that dehumidification is by either 
the process known as adsorption, or that known as absorption, which 
must be followed by after cooling. The details of the apparatus 
required to produce dehumidification by absorption or adsorption 
will be discussed in the following article. The principle advantage of 
either of these arrangements over the others shown is that it is not 
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Arrangement 1. Single central systenr- sup»>lying 100 per cent fresh air 
at same tempeiature to all the spacer served 



Arrangement 3. Central system in which air is dehumidified by absorption 
or adsorption and then cooled. Final cooling is controlled 
zone thermostats 


Fig. 331. Arrangements of apparatus in central summer air-conditioning systems. 
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necessary to cool the air to a temperature below that desired for entry 
into the spaces served. Because the air does not have to be cooled to 
a low temperature to effect the necessary dehumidification, water for 
the cooling coils may have a higher initial temperature, thus making 
it practicable to use city water in most cases where it is available. 
Even where it is necessary to chill the water, a lesser amount is required 
for a system in which the air is dehumidified in this manner. 



combustion chamber 


{Bryant Heater Co.) 

Fig. 332. Dehumidifying unit employing silica gel. 

402. Apparatus for Dehumidification by Absorption or Adsorption. 

Special salt solutions capable of absorbing water vapor from air that 
is brought into intimate contact with them may be used as agents for 
dehumidification, but since they may also be used for humidification 
the necessary apparatus for applying this principle will be discussed 
in Chap. 19, which deals with all-year air-conditioning machines. 

Substances for dehumidifying air by adsorption include silica gel 
and activated alumina. The process is discussed in Art. 55. Silica 
gel is a product of fused sodium silicate and sulfuric acid and has the 
appearance of quartz sand. It is the adsorbent most commonly used 
in summer air-conditioning machines. Figure 332 shows apparatus 
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which may be used for the dehumidification of air by passing it through 
a bed of silica gel. Apparatus of this sort must contain a provision for 
the reactivation of the gel after it has adsorbed moisture equal to 
approximately 25 per cent of its own weight. In the arrangement 
shown in Fig. 332 the gel in the form of small particles is contained in 
a cylindrical basket the interior of which is divided into two compart¬ 
ments. Partitions outside the drum together with the one inside 
make it possible to direct one stream of air through the gel in one half 
the basket while a separate stream is directed through that in the other 
half. The right half of the appa»‘atus shown dries the air that is 
being conditioned while a stream Oi air from a heater at a temperature 
of approximately 350 F is passed through the gel in the left half of the 
basket to cause its reactivation. In Mie reactivation process the water 
which entered the pores of the gel from the air being dried is evaporated 
into the stream of heated air. The drum is continuously rotated at 
the rate of approximately one revolution in 7 min. The air stream 
used for reactivation is usually taken from outside the building and 
discharged to the outside after it has served its purpose. Many other 
arrangements for the use of this material in the dehumidification of air 
are possible, but all must provide for its reactivation by the use of 
alternate beds, a rotating drum, or the temporary discontinuance of 
the service of the bed. 

Since silica gel reduces the moisture content of a stream of air passing 
through it to a lower value than is desirable in most rooms, a summer 
air conditioning machine equipped with a dehumidifying unit employ¬ 
ing this principle should provide a means of by-passing a portion of the 
air around it as indicated in arrangement 3, Fig. 331. The air must 
be cooled following dehumidification by adsorption before being 
delivered to the space served because its temperature is increased by 
this process. Cooling of the air after it has been dehumidified by 
coming in contact with an adsorber may be accomplished by passing 
it over a coil supplied with cool water (below 70 F) or over a direct- 
expansion coil supplied with litpiid refrigerant. Another scheme 
which may be used in certain circumstances for ‘‘after cooling” is 
to pass the warm air with very low moisture content through a spray 
of recirculated water, in which case the air is cooled by the process of 
evaporative cooling. The advantage of this arrangement is that the 
air may be cooled to a temperature considerably below that of the 
available cooling water without the aid of mechanical refrigeration. 
When evaporative cooling is to be used for lowering the temperature 
of the air coming from an adsorber, a greater portion must be passed 
through the drying unit and a lesser portion by-passed around it. 
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This method of ‘'after coolingcannot be applied if a low relative 
humidity is required in the conditioned space. 

The adsorption system of dehumidification has its most advan¬ 
tageous application in certain fields of industrial air conditioning where 
extremely-low relative humidities are desired in the conditioned space. 
It may also be applied to advantage in installations where the latent- 
heat load constitutes an unusually high proportion of the total heat to 
be removed from the air. Since the moisture is removed in a process 
that is entirely separate from the removal of sensible heat, almost 
any desired relative humidity can be maintained in the conditioned 
space without difficulty or excessive cost, provided that the apparatus 
is properly designed and equipped with suitable by-pass ducts, 
dampers, and controls. 

In general, absorbent solutions mentioned at the beginning of this 
article are better adapted to use in air conditioning than are solid 
adsorbents such as silica gel. However, the solid adsorbents may be 
used over a greater range of air temperatures and relative humidities 

because these materials are not 
subject to a change of state under 
any of the conditions encountered. 
They may therefore be applied in 
certain special dehumidifieation 
problems where the absorbent 
solutions could not be considered. 

403. Types of Cooling Coils. 
Cooling coils in summer air-condi¬ 
tioning machines may transfer 
heat directly from air to an evap¬ 
orating refrigerant, in which case 
they are called direct-expansion 
coils, or they may transfer it to 
chilled water which in turn is 
cooled by mechanical refrigera¬ 
tion. Direct-expansion coils are 
discussed in Art. 371. Figure 
333 shows an example of a finned-tube coil suitable for inclusion 
in a summer air-conditioning machine and designed for the use of 
chilled water as the cooling medium. 

Because one heat transfer is eliminated when direct-expansion cool¬ 
ing coils are used it is possible for the refrigerant to evaporate at a 
higher pressure while effecting a required reduction in the tempera¬ 
ture of the air that is being conditioned. Therefore systems which 



(Aerofin Corp.) 


Fig. 333. Aerofin continuous-tube 
cooling coil. 
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make use of direct-expansion coils cost less to install and operate with 
less expense since the pressure differential to be maintained by the 
compressor is lower. However, when several systems are to be 
installed in one building, there is an important advantage in using 
chilled-water coils in order that one mechanical refrigerating system 
may serve the entire building by supplying liquid refrigerant to a 
central water cooler. Liquid refrigerant from the condenser of a 
central refrigerating plant may be piped to several different direct- 
expansion coils in as mxiny diffeient air-conditioning machines, but 
the danger of leaks developing in lo:ig pipes transporting liquid refrig¬ 
erant causes many des^ners to specily chilled-water coils instead of 
direct-expansion coils when more than one air-cooling unit is to be 
installed in a building. A method of selecting cooling coils is given in 
Art. 421. 

404. Coils for Reheating. Where dehumidification is accomplished 
by cooling, the air temperature must be reduced to a value that is 
considerably below that recpiired in the space served. Since the air 
leaving the washer or coil is usually at least 20 deg cooler than that 
desired in the conditioned rooms, the air must be reheated after it has 
been dehumidified unless the sensible-heat gain in the same spaces 
from all external and internal sources is sufficient to supply the required 
amount of heat that is needed for this purpose. Machines which are 
equipped with reheating coils (for example) cither arrangement 1 or 
2 in Fig. 331 are capable of maintaining accurate control of both 
temperature and relative humidity in the conditioned space. How¬ 
ever, reheating is expensive and may be avoided, at least partially, 
where accurate control of the relative humidity is not essential. 
This may be accomplished through control of the volume of condi¬ 
tioned air or through the use of the by-pass method which is discussed 
in the following article. 

Heat-transfer coils suitable for use in a hot-blast heating system 
may be used for reheating in a central summer air-conditioning 
machine. A greater range of coil types may be used in reheating than 
for cooling because no condensation of moisture ever occurs on the 
outer surfaces of coils used for this purpose. 

406. Use of a By-Pass in Central Summer Air-Conditioning Sys¬ 
tems. A by-pass as used in a summer air-conditioning machine is an 
arrangement of ducts equipped with dampers and provided for the 
purpose of passing a portion of the air around the dehumidifying 
section. This arrangement, which was formerly covered by patents, 
is often highly desirable as it affords a means of temperature control 
without resorting to reheat and while delivering substantially a con- 
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slant total-air quantity. A by-pass is an essential part of a machine 
such as the one illustrated in arrangement 3, Fig. 331, in which 
dehumidification is brought about by means of an adsorbing agent, 
because without it the relative humidity in the conditioned space 
would usually be too low, and the cost of cooling the air would be 
unnecessarily high. For a machine which dehumidifies the air by 
reducing its temperature below the entering dew point, the final air 
temperature may be controlled by a thermostatically operated damper 
in the by-pass, in which case the process is known as automatic by-pass. 
This method of temperature control must, however, be used with 
caution as the moisture content of the air supplied to the conditioned 
space will increase with the proportion that is by-passed. Some 
reheating may be necessary in order to achieve a satisfactory control 
of the final relative humidity, but a by-pass may reduce the amount 
of reheating required without producing a relative humidity that is 
high enough to cause discomfort to the occupants of the space served. 
Control of the damper in the by-pass duct by means of an instrument 
that is sensitive to the relative humidity in the conditioned space is 
particularly well adapted to a machine utilizing the adsorption process 
for dehumidification of the air. 

406. Zoning in Summer Air Conditioning. When a summer air- 
conditioning machine serves more than one room, the sensible-and 
latent-heat gains in the different spaces served are likely to vary in 
such a manner that different temperatures of the air supplied are 
required for best results. Zoning consists of an arrangement of equip¬ 
ment such that the temperature of each space or group of spaces 
served by the system may be individually controlled. Accurate 
control of the relative humidity in the different zones served by one 
unit for cooling and dehumidification is impossible, but usually the 
variation is not enough to affect the comfort of the occupants so that 
the added expense of providing a separate system for each zone is 
not justified. 

Solar-heat gain is one of the principal reasons why zoning is often 
desirable because its effect varies with the time of day. Large changes 
in the occupancy of one room with constant occupancy of another 
served by the same conditioner is also a situation which calls for zoning. 
Rooms intended for similar usage at all times which are situated so as 
to receive similar or negligible sun effect may be served as one zone. 

Following is a list including four different methods which may be 
used for achieving separate zone control with a central unit for cooling 
and dehumidification. 
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1. Volume control. 

2. Separate reheating when necessary, following dehumidification 
by cooling. 

3. Separate recooling following dehumidification by adsorption or 
absorption. 

4. Multiple fans with individual by-pass. 

Volume control is achieved by means of dampers in each of the 
branch ducts so that the (quantity of conditioned air delivered to each 
room can be varied according to the requirement of the individual 
spaces at any particular time, Th^ dampers may be air operated by 
remote control; this ariangement .‘ombined w^^^^h a suitable system of 
temperature indication m.ikes it possible for the building engineer to 
maintain satisfactory* coiiditions in all rooms at all times without 
leaving the control room. This system of zoning is the least expensive 
and most frequently utilized but its use may result in either insufficient 
ventilation or unsatisfactory distribution of the air at times. 

Zone control by separate reheating is accomplished by omitting 
the reheat coil from the central apparatus and placing a smaller reheat 
coil in each of the zone supply ducts. The heat output of each coil 
is then controlled by thermostat located in the zone which it serves. 
Suitable temperatures together with satisfactory air distribution can 
be maintained in all spaces served at all times when this system is 
properly designed. 

Zone control by separate rccooling after dehumidification by adsorp¬ 
tion or absorption also affords a very satisfactory method of com¬ 
pensating for varying sensible-heat gains in the different parts of the 
building. When the air is dehumidified in this manner the resulting 
temperature is always higher than that desired in the air supplied so 
that a thermostatically-regulated cooling coil in each branch duct 
can be effective in the control of conditions in the spaces served. 

Zone control may be achieved by means of separate fans each one 
of which receives cool dehumidified air from a central conditioning 
unit as illustrated in arrangement 2, Fig. 331. Each fan is arranged 
to recirculate a controlled portion of the air it handles from the zone 
it serves. In this way the amount of air that is by-passed around the 
conditioner can be regulated according to the requirements of each 
individual zone. 

Several other methods of zoning are possible, and various combina¬ 
tions of systems may be used. Where wide variations in load occur, 
volume control can be used to reduce the air quantity a limited amount; 
then as the load continues to fall off, by-pass, or reheat may be 
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employed to prevent the volume of air delivered from becoming so 
low as to cause unsatisfactory distribution. Each case should be 
studied with regard to its particular requirements when deciding on 
the method of zoning that is to be used. 

407. Evaporative Cooling. Evaporative cooling as a method of 
summer air conditioning is impractical except in climates where the 
outside wet-bulb depression is high or as a supplement to a drying 
process (see Art. 402). However, it does provide a very low-cost 
method of cooling where it is applicable. Air at 100 F dbt bulb and 
60 F wbt can be cooled to approximately 62 F dbt by passing it through 
a spray of recirculated water. Air coming from the washer would be 
nearly saturated, but under certain circumstances satisfactory condi¬ 
tions may be maintained by introducing this low-temperature moist 
air in proper amounts into a room in which the sensible-heat gain is 
high and the latent-heat gain is low. 

408. Procedure in Designing a Summer Air-Conditioning Machine. 
Following is an outline of the customary procedure in designing a 
central system for summer air conditioning. 

1. Select inside design conditions (see Chap. 3). 

2. Determine outside design conditions from weather-bureau records 
(see Chap. 17). 

3. Determine ventilation requirements of spaces to be served (see 
Chap. 14). 

4. Estimate the maximum sensible-heat gain and maximum moisture 
gain in the spaces which are to be supplied with conditioned air (sec 
Chap. 17). 

5. Study the layout and uses of the spaces served, and decide upon 
the most practicable method of zoning, the number of zones required, 
and the rooms to be served by each zone. 

6. Select the equipment and design the duct work (see Chap. 13). 

A numerical example will be given in the next chapter for an all- 

year air-conditioning system which will include all the steps required 
in the design of apparatus for summer conditioning only. 

409. Most Economical Use of an Air Washer for Cooling and 
Dehumidification, Apparatus Dew Point. When dehumidification of 
summer air is brought about by passing it through a spray of chilled 
water the air will leave the washer in practically a saturated state 
(see Art. 63) and at a dry-bulb temperature that is usually lower than 
that desired in the conditioned space. If the air leaving the washer is 
saturated its dry-bulb temperature is also its dew point temperature. 
In any case the dew-point temperature of the air leaving the dehumidi- 
fying chamber, fixes the moisture content which it will have when it 
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enters the room. When the air is delivered from the conditioner its 
temperature will gradually increase to the equilibrium dry-bulb tem¬ 
perature in the room. As the temperature of the processed air 
increases it absorbs heat from the air already in the room, thus tending 
to reduce the room temperature. This tendency of the cool air to 
reduce the room temperature just balances the tendency for the sensi¬ 
ble-heat gains to increase ii, and the desired temperature is main¬ 
tained, provided that the proper amount of air is delivered. 

If there were no moisture liberaiion within the conditioned room and 
all the air entered through the cjnditioner, the state point would 
move horizontally to the right on a psychrormetric chart (line AB in 
Fig. 334) as it approaches the constant room temperature represented 
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Fig. 334. Skolotoii psyc-hrometric chart showiiiK i)ath of state point or load-ratio 
liiK*. for two conditions of operation. 


by point B. Under these conditions the correct dew-point tempera¬ 
ture for the air leaving the washer would be that corresponding to 
the specified room condition represented by point A. However, if 
there is moisture liberation within the conditioned space, it will tend 
to increase the moisture content of the air in the room and raise its 
dew-point temperature. The only way this tendency can be counter¬ 
acted is to introduce conditioned air having a lower moisture content 
and a lower dew-point temperature than that corresponding to the 
specified room condition so that the absorption of moisture from the 
air in the room by the air from the conditioner will just balance the 
moisture gain from occupants and all other sources. When the dew¬ 
point temperature of the conditioned air is lower than that of the room 
air, the state point will no longer move horizontally to the right but 
will move along a condition line (often called the load-ratio line) which 
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slopes upward from the horizontal (line A^B in Fig. 334). The slope 
of this line is determined by the ratio of the sensible-heat gain in the 
space served to the total of the sensible- and latent-heat gains. This 
ratio is known as the sensible-heat factor, SHF. 


where /fa = sensible-heat gain of the conditioned space, Btu per hr. 

Hl = latent-heat gain of the conditioned space, Btu per hr. 

If the condition line crosses the saturation curve, as at A' in Fig. 
334, the point of intersection is called the apparatus dew point for the 
particular problem under consideration. 

In the operation of a summer cooling and dehumidifying unit with 
1(X) per cent of the air recirculated the apparatus must absorb an 
amount of sensible heat that is equal to the sensible heat gain of the 
space served, and the following relationship must be satisfied. 

Hs = Wa X 0.24 X Hr - (155) 


where Ha = sensible heat gain of the conditioned space, Btu per hr. 
Wa = weight of dry air circulated, lb per hr. 
tr = room temperature, deg F. 

te = temperature of air entering room from the conditioner, 
deg F. 


Assuming an average latent heat of vaporization of 1050 Btu per lb 
of w'ater vapor condensed, the relationship expressed by equation 150 
must also be satisfied. 


Hr. 


WgjWr — We) 

7000 


X 1050 


(150) 


where Hl = latent heat gain of the conditioned space, Btu per hr. 

Wa = weight of dry air circulated, lb per hr. 

Wr = humidity ratio of air at specified room conditions, grains 
per lb of dry air. 

We = humidity ratio of air entering room from conditioner, 
grains per lb of dry air. 


It is immediately apparent that the problem of controlling a sum¬ 
mer air-conditioning machine so as to maintain a specified room con¬ 
dition in the most economical manner is not an easy one to solve. 

' The sensible heat absorbed by the contained water vapor is neglected in this 
equation. 
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If equilibrium conditions are to be maintained, the ratio of the sensi¬ 
ble heat to the total heat absorbed by each pound of air from the 
conditioner must equal the sensible-heat factor for the entire area 
served. The sensible heat absorbed by each pound of dry air = 
0.24 U) (neglecting the sensible heat absorbed by the contained 
water vapor). The total heat absorbed per pound of dry air = hr — he. 
Therefore 


SHF = 


0.24- Q 


where SHF = sensible heat factor lor the spare served. 
tr — room temperature, deg F. 

te = tempeiatuic of air entering room from conditioner, 
deg F. 

hr = enthalpy of one pound of dry air and contained moisture 
under room conditions, Btu per lb of dry air. 
he = enthalpy of one pound of dry air and contained moisture 
as it enters the room from the conditioner, Btu per lb 
of dry air. 

If the air leaving the washer is saturated and there is no reheating, 
te is the same as the dew point of the air leaving the conditioner and is 
also equal to A' Fig. 334, the apparatus dew-point temperature. It 
is highly desirable to operat e in this manner if possible because in this 
way the desired room temperature is maintained without resorting to 
reheating, and the cost of operation is held to a minimum. 

The correct apparatus dew point for any given installation operating 
without reheat may be found by estimating the sensible heat factor, 
<S//F, then finding by trial and error a value for te that will cause 
equation 157 to be satisfied for the specified condition to be main¬ 
tained in the room. 


Example. The air in a room is to be maintained at 80 F dbt and 50 per cent 
relative humidity by 100 per cent recirculation through a washer. The estimated 
sensible-heat gain under design conditions is 75,000 Btu per hr, and the maximum 
moisture liberation within the space from all sources is estimated to be 167,000 
grains per hr. Find (a) the sensible-heat factor, (6) the correct apparatus dew¬ 
point temperature, and (c) the weight of air that must be recirculated per hour, 
assuming that it is delivered in a saturated state at the apparatus dew-point 
temperature. 

Solution, (a) The latent-heat load = (167,000 X 1050) -5- 7000 ~ 25,000 Btu 
per hr, and SHF = 75,000 -f- (75,000 -h 25,000) = 0.75. 

(b) The apparatus dew point selected must satisfy equation 157, SHF — 
Q.24(tr - te) (hr ~ he). When SHF = 0.75, tr « 80 F, and hr at 80 F and 
60 per cent relative humidity *= 31.2 Btu per lb, equation 157 becomes 0.75 ** 
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0.24(80 — O (31.2 —/ic), using an apparatus dew-point temperature of 60 F for 
which te * 60 and he =» 26.4 (saturated air at 60 F), SHF ** 0.24(80 — 60) 
(31.2 — 26.4) = 4.80 -f- 4.8 = 1.00, which is too high. With an apparatus dew¬ 
point temperature of 50 F for which te = 50 and he = 20.3, the equation becomes 
SHF = 0.24(80 - 50) 4- (31.2 - 20.3) = 7.2 10.9 = 0.660, which is too low. 

A trial with 55 F for which te = 55 and he ~ 23.2 gives SHF — 0.24(80 — 55) -j- 
(31.2 — 23.2) = 6.0 8.0 = 0.75, which is the required value of 0.75. Therefore, 

the necessary apparatus dew-point temperature is 55 F. 

(c) The weight of conditioned air required may be calculated most conveniently 
by dividing the total-heat gain of the space served by the total heat absorbed by 
one pound of dry air and contained moisture. Therefore the required weight 
equals 100,000 -5- (31.2 - 23.2) = 12,500 lb per hr. 



{From "Heating Ventilating Air Conditioning Guide 1947." Used by permission.) 

Fig. 335. Apparatus dew point for various sensible-heat factors. 

Unfortunately there is no way in which a solution of equation 157 
may be made without resorting to the trial-and-error method as given 
in the preceding example. Figure 335 has been prepared by solving 
equation 157 for a range of relative humidities from 35 to 65 per cent 
and for sensible-heat factors from 0.50 to 1.00. Figure 335 is applica¬ 
ble only for a room-air temperature of 80 F, but similar charts could 
be prepared for use in cases where other room temperatures are 
required for some specific purpose other than the provision of comfort 
for human occupatits. From a study of Fig. 335 it may be observed 
that it is not always possible to select the proper apparatus dew point 
from this chart when the required relative humidity is low and the 
sensible-heat factor is also low. For example, the vertical line repre- 
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renting an SHF equal to 0.55 does not intersect the curved line repre¬ 
senting a constant relative humidity of 50 per cent when the room air 
temperature is maintained at 80 F. This means that the condition 
line A'B in Fig. 334 is so steep that it does not intersect the saturation 
curve. In a situation of this kind, which might occur in a restaurant 
or in any conditioned space where the latent-heat load is unusually 
high in proportion to the gain in sensihl*. heat, it would be necessary 
to select a combination of dew-point temperature and weight of circu¬ 
lating air that would absorb the moisture that is liberated within the 
conditioned space. It would then be necessary to reheat the air to 
whatever extent is recpured be maiuoain the desired dry-bulb tempera¬ 
ture. The procedure can best be illustrated by means of a probem. 

Example. A certain spncc roceiveis 50,000 Bin of sensible heat per hr \inder 
‘design conditions and gains 333,000 grains of moisture in the same period. It is 
desired to maintain a condition of 80 F dht and 50 per cent relative humidity. 
Specify the required operating conditions assuming 100 per cent recirculation. 

Solution. The latent-heat load = (333,000 X 1050)/7000 = 50,000 Btu per 
hr, the SHF is found to be 50,000/100,0(X) = 0.50, and from Fig. 335 it is noted 
that saturated air cannot be used to absorb this combination of sensible- and latent- 
heat loads while maintaining the specified room condition. Assume 40 F as the 
lowest practicable temperature for the air leaving the washer; then the weight of 
air required to be circulated in order that the moisture liberated within the space 
may be absorbed without exceeding the specified relative humidity is found by 
using equation 156. Hi, — \Va{wr — t/vU050 7000, Hi, = 50,000, iVr at 80 F 

and 50 per cent relative humidity e<|uals 76, and iVe at 40 K and 100 per cent rela¬ 
tive humidity equals 36; then = (50,CXX) X 7000) -¥■ (76 — 36)1050 = 8750 
lb per hr. The required temperature leaving the reheat coil may then be deter¬ 
mined by the application of equation 155. Hg = Wa X 0.24 (<r — tg) or 50,000 = 
8750 X 0.24(80 — ^e), and solving for tg the final temperature after reheating is 
found to be 56.2 F. 

The entire foregoing discussion applies only to a case where 100 per 
cent of the room air is recirculated. However, the slope of the condi¬ 
tion line on the psychrometric chart is not affected by the introduction 
of outdoor air as long as the condition of the air entering the room from 
the apparatus is held constant. Likewise, the required apparatus dew 
point is not affected by varying proportions of outdoor air as long as 
all the air entering is brought through the washer. Introduction of 
outdoor air instead of using 100 per cent recirculation would affect 
the load on the cooling unit. Under outdoor design conditions the 
load on the cooling unit would be made greater by an increase in the 
proportion of outdoor air. Regardless of the proportion of outdoor 
air that is used the total load on the cooling and dehumidifying appa¬ 
ratus is given by the following equation. 

He = WJlo + Wrhr ~ (Wo + Wr)ha 


(158) 
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where lie 
Wo 
ho 
Wr 
hr 


= heat to be removed by cooling apparatus, Btu per hr. 

= weight of outdoor air, lb of dry air per hr. 

= enthalpy of the outdoor air, Btu per lb of dry air. 

= weight of air recirculated, lb of dry air per hr. 

= enthalpy of air at specified room conditions, Btu per lb 
of dry air. 

= enthalpy of air leaving cooling apparatus. Btu per lb 
of dry air. 


When there is no reheating of the cooled air ha is also the enthalpy of 
the air entering the rooms served. 

It has been shown that both the sensible-heat gain and the latent- 
heat gain can usually be taken care of simultaneously by cooling the 
air to the proper temperature. However, in the actual operation of a 
summer air-conditioning plant, the SHF is likely to vary from hour 
to hour, thus requiring frequent manual readjustment of the equip¬ 
ment to maintain the recpiired variation in the required slope of the 
condition line since no automatic-control system has yet been devised 
that will handle this problem. The usual practice is to select the 
proper apparatus dew-point temperature for an average value of the 
SHF or for a value that is likely to exist the greater part of the time 
that the equipment is in operation. At all times when the SHF is 
that for which the apparatus dew-point temperature was chosen, the 
specified combination of room temperature and relative humidity can 
be maintained regardless of the magnitude of the total load. With 
the temperature of the air leaving the washer fixed, the room tempera¬ 
ture can be thermostatically regulated by controlling the volume of 
conditioned air that is delivered. If it is desired to introduce the same 
volume of air into the room when the total load is less than under 
design conditions, a by-pass should be used as explained in Art. 405. 

Referring to Fig. 33(), load-ratio line XY may be assumed to be the 
one that is correct for the normal or average SHF for which the appa¬ 
ratus dew-point temperature X has been chosen. If the SHF is 
decreased owing to an unusually high proportion of latent-heat load 
or an abnormally low proportion of sensible-heat load the specified 
room temperature can still be maintained by controlling the volume 
of cooled and dehumidified air that is delivered. However, it is no 
longer possible to maintain the specified relative humidity with the 
temperature of the air still fixed at X. The air delivered in the state 
represented by point X is able to absorb the amount of moisture 
Wy — Wx while changing from the saturated state at X to the specified 
temperature and relative humidity represented by point Y. How¬ 
ever, the new load-ratio line takes the state point of the entering air 
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along the line XY\ and the increase in moisture content is Wy' — 
resulting in a relative humidity that is greater than that specified. 
If the SHF becomes greater than normal the load-ratio line will have 
a lesser slope than XF, as for example, line XY" in Fig. 336. Each 
pound of entering air would then absorb less moisture than under the 
conditions for which the appratus dewpoint was chosen, and the rela¬ 
tive humidity in the rcom will be less ti -.n that which was specified. 
A decrease in relative humidity below that usually specified would not 
be objectionable from the standpoint of human comfort. The only 



Fig. 336. Skeleton psychromctric chart showing effects of varying load ratio 
with a fixed apparatus dew point and control of relative humidity through reheating. 


objection to a room condition at F" instead of at F is that the appa¬ 
ratus dew point X is lower than that required, resulting in operating 
costs that are higher than necessary. Increased relative humidity 
as at F' may be objectionable from the standpoint of human comfort. 
This condition can be avoided by reheating the saturated air from the 
washer to the point X'. This could be accomplished automatically 
by controlling the flow of heating medium to the reheat coil by a 
humidity-sensitive instrument in the recirculating duct. If the rela¬ 
tive humidity in the recirculation duct, which is the same as that in 
the room, becomes too high reheating would be started, and the heat 
absorbed by each pound of entering air would be decreased. This 
would soon result in a demand for more conditioned air by the room 
thermostat, and the increase in air supply would then result in absorp¬ 
tion of the excess moisture. 

410. Most Economical Use of a Coil for Cooling and Dehumidifica¬ 
tion. The operation of a cooling and dehumidifying system is some¬ 
what different when a coil is used instead of a washer. As was 
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pointed out in Art. 54, the entire air stream does not contact the sur¬ 
faces of a coil so that a saturated condition is not achieved. Assuming 
that the broken line in Fig. 334 represents the equilibrium relative 
humidity reached by the air passing through the coil and that the con¬ 
dition line determined by the SIIF is A'Bj the proper temperature 
for the air leaving the coil would be A" instead of A'. Because of the 
higher air temperature and the higher moisture content at A" the 
heat and moisture absorbing capacity of each pound of air circulated 
would be slightly reduced, and the weight of air circulated would have 
to be proportionately increased. 

The required temperature of the entering air could be determined 
by a trial-and error solution of equation 157 as in the example that 
has been worked out for saturated air from a washer, except that he 
for the trial values of te will be based on the assumed relative humidity 
leaving the coils instead of an an assumed saturated condition. The 
actual relative humidity of the air leaving a coil operated with a sur¬ 
face temperature that is below the dew point of the entering air will 
depend on the depth and construction of the coil and on the velocity 
of the air. The assumed relative humidity should be based on actual 
test data for the coil to be used. After the proper temperature for the 
air leaving the coil has been determined, the actual coil-surface tem¬ 
perature rccpiired to maintain it can be automatically regulated by a 
control system whose temperature-sensitive element is placed in the 
air stream at this location. 


PROBLEMS 

1. A summer air-conditioning machine equipped with a chilled-water spray 
chamber for cooling and dchumidification is to maintain 70 F dbt and 70 per cent 
relative humidity in a print shop which has an estimated sensible-heat gain of 
50,000 Btu per hr under design conditions. Assume that all of the air is recircu¬ 
lated and that the maximum moisture gain is 100,000 grains per hour. Find (a) 
the latent-heat gain, (6) the sensible-heat factor, (c) the coiTect apparatus dew¬ 
point temperature, (d) the hourly weight of recirculated air, and (e) the required 
refrigeration capacity in tons. 

2. Find the weight of air which must be circulated and the temperature to which 
it must be reheated when the moisture gain of the building of the preceding problem 
is 400,000 grains per hour and the air is cooled to a minimum temperature of 40 

3 . Compute the required refrigeration capacity, in tons, when 50 per cent of the 
air supplied by the machine of problem 1 is fresh air entering it at the outdoor 
design conditions of 100 F dbt and 82 F wbt. 

4. The spray chamber of the machine of problem 1 is to be replaced by a direct- 
expansion coil which will discharge air having a relative humidity of 90 per cent. 
Find the temperature at which the air must leave the coil if it is to absorb the 
sensible- and the latent-heat gains of the space. Find the required weight of 
processed air necessary when all of the air handled is recirculated. 



CHAPTER 19 


ALL-YEAR AIR-CONDITIONING METHODS AND 
EQUIPMENT 

411. Requirements of a Machine for Al!-Year Air Conditioning. 

All-year air-conditioning machines must be capable of maintaining a 
specified temperature and reiativ'.. humidity within the spaces they 
serve regardless cf the outdoor weather conditions. In other words, 
a machine of this type must perform winter air conditioning which 
usually involves heating and humidification and also summer air con¬ 
ditioning which generally includes cooling and dehumidiftcation. In 
addition to the apparatus necessary for properly conditioning the air 
and distributing it through the spaces served, most all-year air-condi¬ 
tioning machines include filters for dust removal. Many also include 
special equipment for removal of odors. The term comfort air con¬ 
ditioning applies to spaces in which human comfort and economy of 
operation are the only considerations. Industrial air conditioning 
applies to all spaces used for the carrying on of processes which rexpiire 
special air conditions for best results. In industrial air conditioning, 
human comfort may be of secondary importance. 

412. Applications for All-Year Air-Conditioning Machines. All- 
year air conditioning is desirable for practically every building intended 
for human occupancy. High initial cost of the necessary ecjuipment 
has prevented it from becoming economically feasible for the average 
home owner, but it is regarded as a necessity by the persons in charge 
of many research laboratories. Control of the temperature and rela¬ 
tive humidity is necessary in the manufacture of many products. 
Table 128 shows optimum temperatures and relative humidities for 
several industrial processes. 

The competition of others in the same business who have already 
installed all-year air-conditioning machines is forcing many commercial 
establishments to invest in equipment of this nature. Following are 
a few examples from a long and ever-growing list of applications: 
theaters, restaurants, hotels, department stores, offices, classrooms, 
factories of many types, laboratories, railroad cars, buses, storage 
chambers, and private homes. 

Although the cost of apparatus for all-year air conditioning is greater 
than that of a heating plant or a summer cooling unit it is usually 

581 
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TABLE 128 


Optimum Dry-Bulb 

Temperatures and Relative Humidities for Certain 


Industrial Processes* 

Optimum 

Optimum 



Dry-Bulb 

Relative 



Tempera¬ 

Humidity, 

Industry 

Process 

ture, Deg F 

P(?r Cent 

Automobile 

Assembly line 

65 to 80 

40 to 55 


Precision parts maching 

75 to 80 

40 to 55 

Baking 

Cake icing 

70 

50 


Cake mixing 

75 

65 


Dough fermentation room 

80 

76 to 80 


Dough retarding 

32 to 40 

76 to 85 


Paraffin paper wrapping 

80 

55 


Flour storage 

65 to 75 

55 to 65 

Biological products 

lilood bank 

38 to 42 

60 to 65 

Brewing 

Fermentation in vat room 

44 to 50 

50 

(Ceramic 

Drying of nifractory shapers 

no to 150 

50 to 60 


Molding room 

80 

60 

C"5onfectionery 

Chewing gum rolling 

75 

50 


Chewing guru wrapping 

70 

45 


(/hocolate covering 

62 to 65 

50 to 55 

Drug 

Deliquescent powder 

75 

35 


Htorage of powders and tablets 

70 to 80 

30 to 35 


Tablet compressing 

70 to 80 

40 


Packaging 

80 

40 

Electrical 

Insulation winding 

104 

5 


Manufacture of cotton covered win^ 

60 to 80 

60 to 70 


Manufacture of electrical windings 

60 to 80 

35 to 50 

Food 

Butter making 

60 

60 


Dairy chill room 

40 

60 


Pn^paration of cereals 

60 to 70 

38 


Ripening of meats 

40 

80 


Storage of citrus fruits 

32 

80 


Storage of frozen meats 

0 to 5 

85 


Storage of sugar 

80 

35 

Fur 

Storage of furs 

28 to 40 

50 to 65 

Incubators 

Chicken hatching 

99 to 102 

55 to 75 

Library 

Book storage 

65 to 70 

38 to 50 

Munitions 

Fuse loading 

70 

55 

Paint 

Air drying lacquers 

70 to 90 

25 to 50 


Air drying of all paints 

60 to 90 

25 to 50 

Paper 

Storage of paper 

75 to 80 

40 to 60 

Photographic 

Development of film 

70 to 75 

60 


Drying 

75 to 80 

50 


Printing 

70 

70 

Printing 

Binding 

70 

45 


Folding 

77 

65 
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TABLE 128 {Continued) 

Optimum 

Optimum 



Dry-Bulb 

Relative 



Tempera¬ 

Humidity, 

Industry 

Process 

ture, Deg F 

Per C^ent 

Rubber 

Dipping of surgical rubber articles 

80 to 84 

25 to 30 


C>'eni(‘nting 

80 

25 to 30 

Soap 

Dryin ; 

no 

70 

Textile 

Cotton spinning 

60 to 80 

50 to 70 


Rayon spinning 

70 

85 


Silk spinning 

75 to 80 

65 to 70 


Wool spinning 

75 to 80 

55 to 60 

Tobae(ro 

Cigar and cigarette making 

70 to 75 

55 to 75 


* Extracted from Tabic J pp. 836 anci 837, “Heating Ventilating Air CJondition- 
ing Guido 1947.” Usod ])y pormission. 

considerably less than the combined cost of separate systems for 
winter heating and summer cooling. It is usually more economical, 
more convenient and more satisfactory to install an all-year air-condi¬ 
tioning machine, instead of two separate systems. If summer air- 
conditioning is contemplated for the near future, all-year air condi¬ 
tioning should be carefully considered at the time a building is built 
or remodeled. 

413, Possible Combinations of Processes in All-Year Air Condi¬ 
tioning. An all-year air-conditioning machine may be designed to 
deliver properly conditioned air during winter weather through 
employment of the following combinations of processes. 

1. (a) Preheating to a dry-bulb temperature approximating the 
dew-point temperature of the desired room condition, (6) humidifica¬ 
tion by means of a spray of heated water maintained at the same 
temperature, and (c) reheating to whatever temperature is necessary 
in order to maintain the desired room temperature. 

2. (a) Preheating to a wet-bulb temperature approximating the 
dew-point temperature of the desired room condition, (6) humidifica¬ 
tion by a spray of water that is neither heated nor cooled, and (c) 
reheating as in combination 1. 

3. (a) Preheating as in combination 1 followed by humidification 
through controlled evaporation from an open pan of boiling water or 
by the introduction of a controlled jet of steam from properly designed 
nozzles, then reheating as in combinations 1 and 2. 

4. (a) Preheating when necessary to a temperature well above 
freezing, and (6) humidification through bringing the air in contact 
with a suitable solution of lithium chloride or calcium chloride main¬ 
tained at the proper temperature and density, followed by heating 
or cooling when and as required. Provision must be made for the 
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regeneration of the absorbent solution by the addition of water to 
replace that which is given up to the air. 

In mild climates where the temperature of the air entering the 
machine is never lower than 32 F, preheating of the air may be elimi¬ 
nated from combinations 3 and 4. 

During summer weather the following combinations of processes 
may be used. 

1. Cooling to the proper temperature followed by reheating if 
necessary to maintain the desired dry-bulb temperature and relative 
humidity in the space served. The cooling may be accomplished by 
passing the air over fmned-tube coils or through a spray of chilled 
water. The air is dehumidified in the cooling process, provided that 
its temperature is lowered below that of the dew point corresponding 
to its original state. 

2. Dehumidification by passing the air through a bed of adsorbent 
material followed by cooling to whatever temperature is required to 
maintain the desired comfort in the room. The adsorption of moisture 
from the air raises its temperature, but it is not necessary when using 
this combination to reduce the air temperature to such a low figure 
as when combination 1 is used. Reheating of the air is eliminated, 
but the adsorbent material must be regenerated by the application of 
heat. 

3. Dchumidification by bringing the air in contact with a suitable 
hygroscopic solution followed by cooling if recpiired. Lithium- 
chloride solution is the absorbent most commonly used for this purpose. 
The solution is regenerated by heating to drive off the water vapor 
absorbed from the air. 

The thermodynamics of all of the above summer and winter proc¬ 
esses have been discussed in Chap. 2. 

In designing an all-year air-conditioning machine it is necessary to 
select a combination of apparatus that is capable of performing one 
sequence of processes during winter weather and another sequence of 
processes in summer. Certain parts of the apparatus that are essen¬ 
tial during summer operation will be inoperative when the weather is 
cold, and vice versa. However, all the air handling equipment and 
some of the processing equipment can be used at all times. Specific 
arrangements will be discussed in later articles. 

414. Advantages of All-Year Air-Conditioning Machines over Two 
Separate Systems. The principal advantage in all-year air-condition¬ 
ing units over two separate systems, one for use in winter and the other 
for use in summer, is that much of the apparatus, such as inlet grilles, 
outlet grilles, filters, fans, ducts, and dampers, can be used during 
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both seasons, thereby avoiding costly duplication of equipment. 
Reheating is required after humidification in winter and under some 
circumstances after dehumidification in summer so that the same coil 
or coils and the same control mechanism can be UKcd to perform this 
function throughout the entire year. It is better for equipment to 
be in use the year round because apparatu*’ tliat is idle for several 
months gathers dust, loses oil from beaiuigs, etc. When humidilica- 
tion is accomplished by bringing the air into intimate contact with 
water or a suitable solution, much of the humidifying apparatus may 
be used for air dehumidification *a summer. A system capable of 



(General Electric Co.) 

Fic. 337. Unit jisseinbly air con<litionor with top ami sido panels removed. 


processing either summer or winter outdoor air in maintaining (com¬ 
fort conditions in the spaces served will usually occupy considerably 
less floor area in the building than would be the case if two separate 
units were installed. 

416. Unit All-Year Air Conditioners. A unit all-year air-condi¬ 
tioning machine is one in which all of the necessary apparatus for 
heating, humidification, cooling, and dehumidification are included in 
a single cabinet along with one or more fans and a filter. A remote 
room-cooling unit. Art. 399, may be converted to a unit all-year air 
conditioner by the addition of a heating coil and a humidifier. Remote 
units which are equipped with a water-type coil may be arranged to 
cool air in summer and heat it in winter with the same coil, supplied 
with either cold or hot water. Figure 337 shows a remote type of all- 
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year air conditioner which is made in capacities up to 33 tons, and 
Table 129 includes data in regard to units of the type shown. Units 


TABLE 129 

Rating and Other Data for General Electric Company Remote-Type 
All-Year Air Conditioners 


Air Con¬ 
ditioner 
Model 
Number 

Range 
of Air 
Flow, 
Cfm 

Range of Cooling 
Capacity 

Range of Heat¬ 
ing Capacity 

Humid- 
jfying, 
Capac¬ 
ity, Lb 
per Hr 

Face 

Area, 

Sq Ft 

Freon 12 

Water, 
Btu 
per Hr 

Steam, 
Btu 
per Hr 

Hot 

Water, 

Btu 
per Hr 

Tons 

Btu 
per Hr 


1200 

2.82 

34,000 

29,000 

62,000 

75,000 



HD-200 

to 

to 

to 

to 

to 

to 

15 

4.06 


2400 

8.45 

102,000 

99,000 

156,000 

182,000 




2300 

5.38 

65,000 

57,000 

121,000 

145,000 



HD-300 

to 

to 

to 

to 

to 

to 

30 

7.85 


4700 

16.5 

199,000 

192,000 

302,000 

353,000 




3500 

8.1 

98,000 

86,000 

182,000 

218,000 



HD-400 

to 

to 

to 

to 

to 

to 

48 

11.8 


7100 

24.8 

300,000 

288,000 

455,000 

530,000 




4600 

10.8 

130,000 

114,000 

242,000 

290,000 

48 


HD-500 

to 

to 

to 

to 

to 

to 

to 

15.7 


9400 

33.0 

398,000 

384,000 

604,000 

706,000 

96 



Entering air—84 F dbt, 68 F wbt 
Rating conditions: Cooling Freon 12—40 F, 12 F supi^rheat 

Water—44 F 


Entering Air—70 F dbt, 30 per cent relative 
humidity 
Steam—2 psig 
Hot water—180 F entering 

of this type may be obtained with a chilled-water cooling coil in place 
of the one shown. The steam coil shown for heating may be replaced 
by one adapted to the circulation of heated water. Self-contained 
air-conditioning units incorporate a slnall refrigerating plant and may 
be classified in several ways as follows: (1) according to the method of 
rejecting the condenser heat, i.e., air cooled, water cooled or cooled 
by evaporation; (2) according to the way ventilation air is supplied 
by the unit, i.e., either one-hundred per cent recirculation with no 


Heating 

and- 

Humidifying 
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deliberate ventilation, ventilation by drawing air from outside and 
discharging it into the room, or a combination of outside air and recir¬ 
culated air; (3) according to the type of air delivery, i.e., free delivery 
with no ducts from the unit and forced circulation through distributing 
ducts; or (4) according to the placement of the unit in the room, i.e., 
floor type or suspended type. Unit all-year air conditioners may be 
very similar to self-contained rcom-t;Cvllng units such as the one 
shown in Fig. 330. Some maxiafacturers offer heating coils as optional 
equipment which may be added if desired to adapt the machine to use 
during cold weather. Humidifiers are also offered as an optional 
extra by some of the my.kerr so Liat their units may be arranged to 
perform the functions of -i complete winter air conditioner. 

The principal advantaf*e& of unit conditioners over central systems, 
which will be discuss(jd later, arc reduction in initial cost through 
standardization and mass production and reduction in installation cost. 
The engineering involved in making an installation of unit conditioners 
consists of (1) estimating the cooling and heating loads, (2) choosing 
the proper types of units, (3) selecting the proper sizes, and (4) arrang¬ 
ing them in the proper locations. 

Unit systems are especially advantageous in buildings such as hotels 
where there are a great many different rooms, each one occupied by a 
person having an individual idea as to what specific conditions provide 
a comfortable environment. Self-contained units are in general more 
expensive to operate than cither remote units or central systems. 

416. Central All-Year Air-Conditioning Plants. When several 
rooms in the same building are intended for uses which retpiire air 
having approximately the same temperature and relative humidity, 
they can usually be air conditioned more economically from a central 
system than from a number of self-contained units. The operating 
costs of a central system are usually lower, and the installation cost 
is usually less, particularly if the system can be installed at the time 
the building is erected. One of the important advantages in a central 
system is that the peak summer load does not usually come at the 
same time in all the spaces served so that the capacity of the cooling 
and dehumidifying apparatus can be considerably lower than the com¬ 
bined capacity that would be needed if an individual self-contained 
unit were used in each space. 

A great many different arrangements of apparatus may be success¬ 
fully used to perform the functions of a central all-year air-conditioning 
machine. Because of space limitations only the ones in general use 
can be discussed in this chapter. Figure 338 shows one of the simplest 
arrangements for a central system and provides a positive control of 
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the dry-bulb temperature and relative humidity of the air delivered. 
The arrangement of inlet dampers permits taking any desired propor¬ 
tion of the air from outside, the remainder being drawn from the 
conditioned space for recirculation. The apparatus shown in Fig. 
338 is designed to employ the processes of preheating, humidification 
with heated spray water, and reheating during cold weather. Summer 
air is cooled and dehumidified by chilled spray water in the same 
chamber that is used for humidification in winter, and the steam 
flow to the reheater coil may be controlled by a room thermostat to 



{Carrier Corp.) 

Fig. 338. All-year central air-conditioning system. 


provide just the right amount of reheating during both seasons. The 
recirculated air enters the machine from the equipment room which 
serves as a plenum chamber. Suitable arrangements must be made 
for conducting the air to be recirculated from the spaces served to this 
room. 

Figure 339 shows schematic diagrams of three different arrange¬ 
ments of all-year air-conditioning apparatus which may be used when 
the building served must be divided into zones in order that satisfac¬ 
tory conditions may be maintained at all times in all of the conditioned 
areas. 

Arrangement 1 provides a positive control of the dry-bulb tempera¬ 
ture in the different zones by using a separate reheat coil in each branch 
of the system instead of one in the central machine as is used in the 





unit of Fig. 338. The combination of a preheat coil and a tempering 
coil shown in Arrangement 1 of Fig. 339 is necessary in some installa¬ 
tions where ventilation requirements may demand that a large propor¬ 
tion of outdoor air be used even in extreme cold weather. The first 
steam-heating coil in a stream of air at a very low temperature must 
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be “fully or “completely off “ to prevent freezing of the condensate 
in the bottom. In order to achieve a satisfactory control of the air 
temperature entering the humidifying section of the conditioner under 
those conditions it is then necessary to provide a preheat coil of low 
capacity which may be operated with its steam valve wide open fol¬ 
lowed by a tempering coil, the flow of steam to which may be thermo¬ 
statically controlled. The open-pan type of humidifier indicated in 
this arrangement and shown in Fig. 11 is inexpensive in first cost and 
will provide satisfactory humidification if properly controlled. The 
water level in the pan is maintained by a float-controlled valve, and 
evaporation into the air stream is accomplished by heating the water 
by means of steam coils laid in the bottom of the pan. The flow of 
steam to the coils in the humidifying pan is usually controlled by a 
humidistat located in the return-air duct. Dehumidification during 
summer operation is accomplished by means of a finned-tube coil 
which may be supplied with either chilled water or a liquid refrigerant. 

Arrangement 2, Fig. 339, utilizes some form of air washer for both 
humidification and dehumidification as in Fig. 338. When humidifica¬ 
tion of the air is required the spray water is heated, and when the out¬ 
door conditions call for dehumidification the spray water is cooled. 
Either process may be followed by reheating, and volume dampers are 
used to regulate the delivery of conditioned air to the various zones 
served by the system. Heat losses in the different zones during winter 
operation are usually taken care of by radiators when the zoning is by 
volume control. A discussion of the various types of modern air 
washers is given in Chap. 14, and the by-pass method which is used 
in this arrangement is discussed in Art. 405. 

Arrangement 3, Fig. 339, includes the same apparatus for propor¬ 
tioning outdoor and recirculated air as was used in Arrangements 1 
and 2, but in this case the air is humidified or dehumidified as the 
occasion demands by bringing it in contact with an absorbent solution 
which is at all times maintained at the proper temperature and per 
cent concentration. Provision must be made as indicated for con¬ 
tinuous regeneration of the solution. Further discussion of the pos¬ 
sibilities of this method of humidity control will be given in a later 
article. 

417. Use of Dampers in Air-Conditioning Machines. Since some 
air-conditioning machines may serve several rooms whose individual 
requirements may fluctuate independently, a damper may be required 
in each branch of the distribution system in order that the volume of 
air delivered to each room may be varied. When several rooms are 
air conditioned by one machine, a considerable reduction in operating 
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costs may be effected by the proper use of dampers. This is particu¬ 
larly true if some of the rooms are used a greater proportion of the 
time than others served by the same system. Dampers for varying 
the proportion of fresh air are usually necessary if comfort conditions 
are to be maintained with minimum operating expense. A mixing 
damper suitable for controlling the proportions of fresh air and recircu¬ 
lated air is shown as pert of t»ie apparati s of Fig. 338. Mixing damp¬ 
ers of this type may also be used for controlling the proportion of 
recirculated air which is by-passed around the cooling and dehumidi- 
fying section of an air-conditioning machine. 



(a) Low-pressure type (t) High -pressure type 

{From “ Heating Ventilating Air Conditioning Guide Used by permission.) 

Fig. 340. Induction-type room air conditioners. 

418. Induction Units. Induction units such as either of the two 
illustrated in Fig. 340 combine the principles of the central system 
and that of self-contained units. A unit consisting of a cabinet enclos¬ 
ing a primary-air nozzle, a secondary-air inlet from the room, a coil for 
heating or cooling the secondary air, a mixing tube, and an outlet 
diffuser is placed in each room. The plenum chamber of each unit is 
supplied with primary air which has been properly humidified or 
dehumidified from a central air-conditioning machine. If the heat 
losses from rooms are small it may be possible to maintain reasonable 
temperatures by gravity circulation of the secondary air over the heat¬ 
ing coil when the central supply system is not in operation. If neces¬ 
sary conventional radiators under separate thermostatic control may 
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be used to care for the heating load when the air conditioner is 
inoperative. 

An advantage in the induction system is that a given volume of air 
from the conditioning apparatus will cause a much better circulation 
of air in the rooms served than would be the case with other types of 
air delivery because of the high rate of induction of secondary air into 
the stream leaving the air nozzle. Another advantage is that the 
admixture of secondary air with the conditioned air in summer opera¬ 
tion raises the temperature of the delivered air to near room level 
before it is discharged from the outlets, thus reducing the chance that 
cold drafts will be noticed by the occupants of the room. Also a 
minimum amount of cold air is transported through the ducts of the 
central system, thereby reducing power costs below the amount that 
would be required if the full delivery of the diffusers were handled by 
the central fan. 

Control of induction units during summer operation is usually 
through either manual or automatic control of the primary air. It 
may be advisable to by-pass some air around the cooling and dehumidi- 
fying apparatus of the central system during periods of low cooling 
load so that the volume of primary air in the induction units will not 
be reduced below the point where satisfactory circulation is produced 
in the individual rooms. 

Induction units usually produce more noise than well-designed dif¬ 
fusers commonly used in other types of air-conditioning systems so that 
they should not be specified for spaces where the usage requires that 
the noise level be kept to a minimum. A recent development known 
as a high-pressure type of induction unit is claimed to have greatly 
reduced the noise level below that produced by other types. The 
reduction in noise level is accomplished through the employment of 
special nozzles for creating a high-velocity jet, noiselessly. 

419. The Use of Absorbents in Central All-Year Air-Conditioning 
Systems. Solutions of certain salts such as lithium chloride or cal¬ 
cium chloride are very strongly hygroscopic and can therefore be used 
to dehumidify an air stream when it is brought into intimate contact 
with them. An absorbent salt solution of appreciable concentration 
will have a water-vapor pressure that is lower than the vapor pressure 
of pure water at the same temperature. Consequently a spray of 
such a solution or a surface wetted-with it will dehumidify air having 
a given water-vapor pressure at a higher temperature than would be 
the case if dehumidification were accomplished by means of a spray 
of chilled water. As long as the vapor pressure of the solution is less 
than that of the air, water vapor from the air will enter the solution, 
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causing the air to be dehumidified and the water content of the solu¬ 
tion to be increased. Addition of water to a given amount of a 
solution will lower the concentration of salt and increase the vapor 
pressure so that regeneration of the solution by boiling off the accumu¬ 
lated water is necessary if the same degree of dchumidification is 



- Weak solution 

- Hot solution 

- Steam 

- Condensate 

- Water 

{Surface Combuation Corp.) 

Fig. 341 . Air-conditioning apparatus employing a salt solution for humidity 

control. 

to be maintained. Likewise the latent heat that is released from 
the water vapor condensed raises the temperature of the solution so 
that in addition to regeneration by removal of the water accumulated 
the solution used in the contact chamber must be circulated through a 
cooler to maintain the proper temperature. 

Figure 341 shows the operation of an air-conditioning unit which 
makes use of a salt solution in the control of the moisture content of 
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the air delivered. The flow diagram is for the processing of summer 
air. In the arrangement illustrated the pump draws brine from the 
sump at the bottom of the regenerating chamber and forces approxi¬ 
mately 85 per cent of it through a cooler on the way to the spray 
nozzles above the contactor cells. The automatic water valve regu¬ 
lates the flow of cooling water through the cooler so as to maintain the 
temperature of the solution entering the contact chamber at the level 
needed to produce the desired results in regard to the moisture content 
of the air that is being conditioned. The concentration of the solution 
is maintained by passing the remaining 15 per cent through a heater, 
then through the regenerating spray where the heated solution gives up 
water vapor to an auxiliary air stream which carries it out of the build¬ 
ing. By heating the brine that is delivered to the contact chamber 
instead of cooling it, the air may be humidified by the same unit. 
When used for humidification it is not necessary to use the regenerating 
portion of the apparatus, but water must be continually added to the 
solution to compensate for that which is given up to the air in the 
humidification process. At all times the brine flows from the contactor 
cells to the regenerator sump by gravity action. 

Lithium chloride has many properties which make it a satisfactory 
material for use in humidity-control apparatus of the type that has 
been described. It is less corrosive than clear water, it is perfectly 
stable, it does not react with the CO 2 in the air, it does not evaporate 
at the temperature required to regenerate the solution, it does not 
crystallize in any concentrations that are needed, and it is non-toxic. 
Figure 342 gives the vapor pressure for different concentrations of this 
salt in water when the solution is held at different temperatures rang¬ 
ing from 20 F to 320 F. The chart also gives the relative humidity 
of air in e(iuilibrium with this solution for any combination of tem¬ 
perature and concentration covered. By reference to this chart it is 
possible to specify a combination of solution concentration and solu¬ 
tion temperature for any air condition which may be desired. For 
example, air which has come to equilibrium with a 40 per cent solution 
held at 80 F will have a relative humidity of approximately 17 per cent. 
Likewise, air in equilibrium with a 30 per cent solution held at 100 F 
will have a relative humidity of 40 per cent. 

Absorbent solutions such as lithium chloride are preferable to 
adsorbent solids such as silica gel when used for humidity control in 
all-year air-conditioning machines because they may be used for 
humidification in winter as well as for dehumidification in summer. 
Even if the adaptability of the solutions to humidification is disre¬ 
garded they offer the advantage of controlled dehumidification without 
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resorting to by-passing. When used for dchumidification, absorbent 
solutions afford certain process advantages over cooling coils or sprays 
of chilled water which have been discussed in Art. 51. 

Packaged units employing a solution of lithium chloride for humidity 
control are available in several different sizes. These units can be 
adjusted to deliver air having any desired moisture content between 
wide limits. When packaged units of "his type are used they are 



usually adjusted to deliver air at or near the temperature that is 
desired in the spaces served. The sensil>le-heat load in winter is then 
handled by separately controlled radiators or convectors or by a 
central hot-blast heating system, and the sensible-cooling load in 
summer is handled by a separate cooling unit or by a cooling coil in 
the same system. With a suitable coil and the proper arrangement 
for either cooling or heating the circulating water, the same heat 
exchanger may be used to add sensible heat or to remove it as the 
occasion demands. One advantage of this type of system is that there 
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will be no condensation of water vapor on the surface of the cooling 
coil, thus eliminating the necessity for drainage provisions and also 
eliminating any chance of objectionable odors from bacterial develop¬ 
ment on a wetted coil surface. 

Lithium-chloride solutions are claimed to be effective in removing 
certain types of odors which may be present in air as it reaches the 
contact chamber. It is also claimed that certain air-borne bacteria 
are rendered harmless after passing through a spray chamber or air 
scrubber that is supplied with this solution. 

The cooling capacity required in an after cooler following an absor¬ 
bent type of dehumidifier is much lower than when a chilled coil sur¬ 
face or a chilled-water spray is used for cooling and dehumidification 
of the air. In comparing the cost of operation of the two basically 
different systems for summer air conditioning, the cost of cooling and 
regenerating the absorbent solution must be added to the cost of after 
cooling and the sum compared with the combined cost of dehumidifica¬ 
tion and reheating in the system which is considered as being conven¬ 
tional at the time of this writing. Proponents of the absorption sys¬ 
tem claim that a detailed analysis will frequently indicate a substan¬ 
tially lower operating cost when that system is used. 

420. Design Calculations for an All-Year Air-Conditioning Machine. 
A procedure, which in general is applicable to the calculations that 
must precede the selection of equipment, will be demonstrated by an 
example. The data in the following example pertain to the same 
restaurant for which an estimate of maximum heat gain was made in 
Art. 395. Calculations will first be ma<le for summer operation of the 
unit because the operating conditions which will produce the desired 
results with a minimum of expense are less flexible during this season. 

Step U Selection of temperature and relative humidity which are to 
he maintained in the conditioned space. The inside dry-bulb tempera¬ 
ture and relative humidity most commonly specified in comfort air 
conditioning are 80 F and 50 per cent respectively. 

Step 2. Selection of outdoor dry-bulb and wet-bulb temperatures which 
are to be assumed. In the restaurant which is to be conditioned these 
temperatures will be taken as 92 F and 77.2 F respectively. 

Step 3. Estimation of maximum heat gains. The maximum heat 
gain for this restaurant has been estimated in the example of Art. 
395 as 161,583 Btu per hr of which 106,354 Btu is sensible heat and 
55,229 Btu is latent heat. However, since the ventilation air does not 
enter directly into the conditioned space, heat gain from this source 
should not be included in the calculations which are made to determine 
the required state of the conditioned air. The sensible heat which 
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must be absorbed from the conditioned space by the air entering from 
the machine = 106,354 — 10,200 = 96,154 Btu per hr, and the latent 
heat = 55,229 23,200 = 32,029 Btu per hr. The total heat to be 

absorbed by the air from the conditioner = 96,154 + 32,029 = 
128,183 Btu per hr. 

Step 4* Select the type of unit which is to he '*tsp4. The sequence of 
processes to be used in the machine iiiv: t be decided upon before 
further calculations can be made. Tt will be temporarily assumed 
that the type of unit which will be used is ihat shown in Fig. 338. 
In the arrangement shown, tht' air is cooled and dehumidified by pass¬ 
ing it through a spray of chilled wai-er. 

Step 5. Calculaiion of the sensible-heat factor and the apparatus dew¬ 
point temperature for summer djsign conditions. The sensible-heat 
^‘actor is the sensible heat load divided by the total heat load or 
96,154 -r 128,183 = 0.75. From Fig. 335 it is found that an appa- 
latus dew-point temperature of 55.0 F is retpiired. The apparatus 
dew-point temperature may also be found by a trial and error solution 
of equation 157. (See first example of Art. 409.) 

Step 6. Calcxdation of required weight of dry air to be cooled and 
dehximidified under summer design conditions. Dividing the total 
heat gain directly into the space by the heat that will be absorbed by 
each pound of dry air entering from the machine in a saturated state, at 
a temperature of 55 F, the weight of dry air to be processed is found as 
follows: 128,183 (31.2 ~ 23.2) = 16,040 lb per hr. 

Step 7. Calculation of weights and volumes of air to be handled by 
the different parts of the system. In the example of Art. 395 it was 
found that 3740 lb of dry air must be supplied per hr as fresh air to 
satisfy the ventilation requirements. The specific volume of the fresh 
air is 14.27 cu ft per lb of dry air, and the volume used equals (3740 
X 14.27) 60 = 890 cfm. The weight of recirculated air to be 

processed = 16,040 — 3740 = 12,300 lb per hr. The specific volume 
of the recirculated air is 13.84 cu ft per lb of dry air (assuming standard 
barometric pressure), and the volume of the recirculated air to be 
cooled and dehumidified = (12,300 X 13.84) 60 = 2840 cfm. The 

state point of the mixture of fresh air and recirculated air may be 
located on the psychrometric chart by calculating and plotting the 
enthalpy and specific humidity. After locating the state point 
of the mixture, the specific volume and dry-bulb temperature may be 
found as 13.95 cu ft per lb of dry air and 83.2 F respectively. The vol¬ 
ume of the air entering the dehumidifying section = (16,040 X 13.95) 
-5“ 60 = 3735 cfm. The specific volume of the cooled and dehumidi¬ 
fied air at a temperature of 55 F is 13.16 cu ft per lb of dry air, and the 
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volume flowing at this point = (16,040 X 13.16) -5- 60 = 3520 cfm. 
The cooled and dehumidified air at 55 F is too cool for introduction 
directly into the conditioned space unless special types of diffusers 
designed to produce an unusual amount of secondary circulation are 
used. Provision should preferably be made to mix approximately 
an equal weight of by-passed air with that which has been cooled and 
dehumidified. 

The volume of the by-passed air would be (16,040 X 13.84) ^ 60 
= 3700 cfm. The dry-bulb temperature and specific volume of the 
mixture of by-passed air and cooled and dehumidified air may be 
found to be 67.8 and 13.51 cu ft per lb of dry air. 

The fan and the discharge-duct system will then be designed to 
handle approximately (32,080 X 13.51) 60 = 7240 cfm. The air 

which is by-passed does not affect any of the calculations except those 
in regard to the volume of the air that is handled by the fan and ducts 
beyond the point where the by-passed air is mixed with the processed 
air. 

Step 8, Calculation of refrigeration capacity required. Equation 
158, Chap 18, may be used to find the heat which must be removed 
from the mixture of outdoor air and recirculated air by the chilled 
spray water in the washer section. He = [Woho + Wrhr] — {Wo + 
Wr)ha. He = [(3740 X 40.6) + (12,300 X 31.2)] - (16,040 X 23.2) = 
(152,000 + 384,000 - 372,000) = 164,000 Btu per hr. The total 
cooling load calculated in the preceding manner checks, within a rea¬ 
sonable degree of accuracy, the estimated maximum heat gain for 
this restaurant at 12:30 p.m. as calculated in Art. 395. A thorough 
discussion of the operation of a spray chamber for the cooling and 
dehumidification of air is given in Art. 409. The refrigeration capacity 
that would be required = 164,000 12,000 = 13.7 tons. 

Step 9. Selection of indoor temperature and relative humidity for 
winter operation. Because the windows contain only a single thickness 
of glass it will not be practicable to maintain the relative humidity 
above 30 per cent during cold weather. With the relative humidity 
at 30 per cent a dry-bulb temperature of 72 F is required to produce 
an effective temperature of 66 F (see comfort chart Art 59). 

Step 10. Selection of winter outdoor design temperature. It will be 
assumed that the lowest temperature on record in the locality of the 
restaurant is —10 F. The outdoor dfesign temperature will then be 
taken as 0 F (see Chap. 4). 

Step 11, Estimation of heat losses. Following the procedure that 
has been outlined in Chap. 4 the heat losses due to conduction through 
exposed wall, window, and roof areas may be estimated at 101,000 
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Btu per hr. The heat required to raise the temperature of the cold air 
which enters the restaurant by opening and closing of the door can be 
neglected because heat gains from people, lights, etc., were not con¬ 
sidered in estimating the heat losses. Heat gain from these and other 
interior sources will be more than adequate for the warming of this 
air when the serving area is occupied. The heat required to warm 
the air introduced through the machine for ilie purpose of ventilation 
will be provided for in a later step. 

Step 12. Calculation of the weights and volumes of air handled under 
winter design conditions. The weight of the fresh air under winter 
design conditions (specific volume of outside air, assuming that the 
air is saturated at 0 F = 11.59 cii ft per lb) when providing 10 cfm 
per person = (10 X 89 X 60) 4- 11,59 4600 lb per hr. The weight 

of the total air processed = (3620 X 60) 4- 14.2 = 15,190 lb per hr, 
assuming that the fan will handle the same total volume as when the 
system is on summer operation and that the same proportion will be 
by-passed. (14.2 is a rough approximation of the specific volume of 
the air after reheating, assuming that it will be reheated to 100 F.) 
The weight of the recirculated air may then be found as 15,190 — 
4600 = 10,590 lb per hr, and the volume of this air = (10,590 X 13.5) 
^ 60 = 2380 cfm. 

Step 13. Estimation of the heating capacity required in the preheater 
coil. The dew-point temperature of the specified indoor air is 38.5 F, 
and the preheat coil should preferably temper the incoming fresh air 
so that the temperature of the mixture of fresh air and recirculated 
air is approximately at this value. The enthalpy of the mixture of 
4600 lb of outdoor air and 10,590 lb of recirculated air under design 
conditions without preheating = [(4600 X 0.8317) + (10,590 X 22.8)] 
-r- 15,190 = 16.15 Btu per lb of dry air. This is greater than the 
enthalpy of saturated air at 38.5 F. Therefore no preheating is 
required, and the preheater coil may be omitted. 

Step 14- Estimation of the amount of steam required for heating the 
.spray water. From the preceding calculation it was found that the 
enthalpy of the air entering the washer is above that of saturated air 
at 38.5 F. Therefore no heating of the spray water will be required. 
When the temperature of the outdoor air is higher than zero more 
humidification than is specified will occur, and the relative humidity 
in the restaurant will be higher than 30 per cent. However, under 
those circumstances, a somewhat higher relative humidity would not 
be objectionable as the inside-surface temperature of the window 
glasses would also be higher, and condensation would not occur on 
them. It would not be necessary to use the water spray during the 
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rush hours because of the water vapor liberated by food, coffee urn.s, 
etc. The spray chamber would likewise not be required during mild 
weather because of the higher moisture content of the ventilating air. 

Step 15. Estimation of the healing capacity required in the reheater 
coil. Assuming that there will be times when there are no interior 
sources of heat, the reheat coil must have the capacity to heat the 
air leaving the washer an amount such that it will compensate for the 
heat losses from the room while maintaining the temperature at 72 F*. 
The total weight of air processed must liberate 101,000 Btu per hr 
in cooling from the delivered temperature to that of the room. The 
maximum heat required from each pound of air delivered by the 
machine = 101,000 15,190 = 6.66 Btu. The required enthalpy of 

the air leaving the reheater coil is then 22.8 + 6.66 = 29.46 Btu per 
lb. (22.8 is the enthalpy of air at 72 F and 30 per cent relative 
humidity). The maximum heat output required from the reheat coil 
is then = 15,190(29.46 — 16.15) = 202,000 Btu per hr. (16.15 is the 
minimum enthalpy of the mixture of recirculated air and outdoor air 
from step 13.) The actual temperature of the reheated air before 
mixing with the by-passed air would be 98.8 F. 

Having completed the foregoing calculations the designer is in a 
position to specify the apparatus whi(;h will be needed. Each of the 
two multiblade dampers used for proportioning the fresh air and the 
recirculated air should have sufficient capacity to pass the total amount 
of air supplied to the conditioner as under some weather conditions 
it may be advantageous to use 100 per cent fresh air, and under cer¬ 
tain conditions when the serving area is not in use it may be desirable 
to recirculate all the air which is processed. Automatic control of 
damper combinations is discussed in the next chapter. It will not be 
necessary to provide a damper in the duct which conducts the by-passed 
air from the room to the point of mixing with the processed air as it is 
desirable to have the fan deliver approximately the same volume of air 
at all times, regardless of the cooling or heating load imposed on the 
unit. The friction loss caused by the various equipment items may 
be obtained from data published by the respective manufacturers. 
The design of the duct system, the selection of the fan, and the speci¬ 
fication of the fan speed and motor capacity may be computed as in 
the example of Art. 303. 

Figure 343 is a flow diagram which incorporates weights, volumes, 
temperatures, and humidity ratios in the various parts of the apparatus 
when operating under summer design conditions. 

Other types of air-conditioning machines would be applicable to 
this restaurant and should be considered. Since a preheater coil is 
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not required because of the large proportion of air recirculated, the 
installation cost could be reduced by using a remote conditioner 
similar to the one shown in Eig. 337. Such a unit could be installed 
on a properly supported false ceiling near the rear of the serving area 
and arranged to discharge the conditioned air toward the front. A 
suitable duct for conducting the. mixture of recii.dilated air and fresh 
air from the point of mixing to the air intake of the unit could be 
located above a drop ceiling at the rear of the serving area. The 
h)gical location for the fresh-air intake of such a unit could be in the 
west wall adjacent to the parl-tion ’',hi^h separates the serving area 
from the kitchen. The recirculated air could I e removed from the 




Fresh air 890 cfm, 3740 
lb dry air per hr. Dry-bulb 
temperature 92 F, 118 
grains of water per lb of 



Fan 


Delivered air 7240 cfm, 32,080 lb dry 
air per hr. Dry-bulb temperature 67.8 F, 
70 grains of water per lb of dry air 




=3 


Spray 
chamber 
supplied 
with chill-| 
ed water 


H 


By-passed air 3700 cfm, 16,040 lb per hr. 
Dry-bulb temperature 80 F, 76 grains of 
water per lb of dry air 


Processed air 3520 cfm,16,040 lb dry air per hr. Dry-bulb 
temperature 55 F, 64 grains of water per lb of dry air 


I/Air to be processed 3735 cfm,16,040 lb dry air per hr. 
y Dry-bulb temperature 83.2 F, 86 grains of water per lb 
of dry air 


/' 

/' 


Recirculated air 2840 cfm, 12,300 lb dry air per hr. 
Dry-bulb temperature 80 F, 76 grains of water. 

— per lb of dry air 


Fid. 343. Flow diiigrarn for spray-rhambor dohiiniidifior. 

conditioned space through a grille set with its lower edge at floor level 
in the northwest corner of the serving area. This grille and the ver¬ 
tical duct necessary for conducting the recirculated air to the mixing 
chamber could easily be masked, for decorative effect. A unit of this 
type can be arranged for by-passing air around the cooling and dehu- 
midifying section by installing coils which are not as high as the frame 
of the machine. Air may also be by-passed by replacing a removable 
panel with a suitable inlet grille. A direct expansion coil is selected 
for a unit of this type in the next article. The refrigeration unit 
consisting of the compressor and the condenser would have to be 
separately located and could be placed in the basement. If it is neces¬ 
sary to recover the condenser cooling water an evaporative condenser 
(Fig. 305) could be used. If an evaporative condenser were used, its 
discharge air duct should be located as far as practicable from the fresh- 
air intake for the air-conditioning unit. 
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The following calculations are made to investigate the possibilities 
of the absorption type of system shown in Fig. 341. It will be assumed 
that cooling water is available from a water cooler at 55 F and that 
the temperature of the lithium-chloride brine can be maintained at 
60 F in the contactor cells. It will also be assumed that a 30 per cent 
concentration will be maintained. From Fig. 342 it may then be 
found that air in equilibrium with a 30 per cent concentration of this 
brine at 60 F has a vapor pressure of approximately 5 mm of mercury. 
This vapor pressure is (5 X 0.0193) = 0.0965 psi. From the 
psychrometric chart, Fig. 5, it may be found that the humidity ratio 
of air having a vapor pressure of 0.0965 psia is 29 grains per lb of dry 
air. Since the humidity ratio corresponding to the specified inside 
conditions is 76 grains, each pound of dehumidified air is capable of 
absorbing 76 — 29 = 47 grains per lb of dry air. The maximum 
latent-heat gain of the conditioned space exclusive of the ventilation 
air = 32,029 Btu per hr, and the maximum moisture gain = 32,029 
1050 = 30.50 lb per hr, or 30.50 X 7000 = 213,500 grains per hr. 
The weight of dry air required from the dehumidifier = 213,500 -i- 47 
= 4540 lb per hr. The weight of dry air to be recirculated with this 
system under the assumed conditions is then 4540 — 3740 = 800 
lb per hr. The heat which must be removed from the mixture of 
fresh air and recirculated air by the solution in the contactor cells (equa¬ 
tion 158) = (3740 X 40.6) + (800 X 31.2) - (4540 X 19) = 152,000 
+ 25,000 — 86,300 = 80,700 Btu per hr. The dehumidified air 
must then be cooled to a temperature such that the sensible-heat 
gain, directly into the space, will be absorbed. The sensible heat 
which must be absorbed per pound of dry air delivered = (96,154 -v- 
4540) = 21.2 Btu per lb, and the required temperature of the air 
delivered = 80 — (21.2 -i- 0.24) = 80 — 88.3 = — 8.3 F. It would not 
be practicable to cool the air to such a low temperature because frost 
would form on the cooling coil, and the refrigeration plant could not 
be operated at its best economy. 

Assuming that lithium-chloride brine having the same concentration 
will be maintained at 80 F in the contactor cells, it is found from 
Fig. 342 that the vapor pressure of the air leaving would be approxi¬ 
mately 11 mm of mercury or 0.212 psia. The humidity ratio of the 
processed air would then be 64 grains, and each pound of dehumidified 
air could absorb 76 — 64 = 12 grains, and the weight of dry air to be 
processed = 213,500 -t- 12 = 17,800 lb per hr. The required sen¬ 
sible-heat absorption by each pound of processed air = (96,154 4- 
17,800) = 5.41 Btu per lb, and the required final temperature of the 
air = 80 - (5.41 4- 0.24) = 80 ~ 22.6 = 57.4 F. The weight of 
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recirculated air would be 17,800 — 3740 = 14,060 lb of dry air per 
hr, and the heat removed from the mixture of fresh air and recircu¬ 
lated air in the contactor cells = (3740 X 40.6) + (14,060 X 31.2) 
- (17,800 X 29.3) = 152,000 + 438,000 - 522,000 = 68,000 Btu per 
hr. This amount of heat would have to be removed from the brine 
cooler plus the heat of mixing amounting to approximately 100 Btu 
per lb of water vapor condensed from tike air. The heat of mixing 
would be approximately (213,500 X 100) 7000 = 305 Btu per hr. 

The sensible-heat absorption required from the cooling coil = 17,800 
(29.3 — 23.8) = 97,900 Btu per hr. The total refrigeration capacity 
required for this system - (68,000 + 305 + 97 900) 12,000 = 13.9 

tons. In addition to the refrigeration recpiired there would be some 
expense for the heat rcquhed for the brine regenerator. This system 
would, therefore, be slightly more expensive to operate than either of 
the other two types on the basis of the assumed brine concentration and 
conditions of operation. However, there are many possible variations 
in the use of an absorbent solution for dehurnidification of air, and in 
a large installation the possil)ilitics of the system of Fig. 341 should be 
investigated by a specialist in it.s application before deciding on the 
type of apparatus which is to be used. 

421. Selection of Cooling Coils. Before a coil can be properly 
selec.ted for use as the cooling and dehumidifying section of an air- 
conditioning unit it is necessary to obtain certain data from actual 
tests of the available types and to make certain calc\ilations involving 
the conditions of the specific problem. Several methods of rating 
coils and of calculating their performances hav(' been propt)se(l. The 
one presented hen^ is known as the humidity method.' In the appli¬ 
cation of this method to the solution of cooling-coil problems, a psy- 
chrometric chart is used together with the following etjuations. 


haAf^N 

^.2SW 


logc - -m = log« R 

[to — td2) 


(159) 


where ha = air-side film coefficient, Btu per hr per sq ft per deg F. 

If this is not available from test data it may be approxi¬ 
mated from ha = l.l(d„F)^*®, where da = density of air, 
lb per cu ft, and V = face area velocity, fpm. 

As = air-side surface area per sejuare foot of coil-face area per 
tube row of coil depth, sq ft. 

1 ^^Performance of Surface-Coil Dehiimidifiers for Comfort Air Conditioning,” 
by G. L. Tuve and L. G. Seigel. ASHVE Trans., p. 523, Vol. 44, 1938. 

Air-cooling Coil Problems and Their Solutions, by L. G. Seigel, Heating, 
Piping and Air Conditioning, ASHVE Journal Section, p. 90, February 1945. 
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N = number of rows of tubes in the path of the air stream. 
W = weight of air-vapor mixture per square foot of coil face 
area, lb per hr. 

h = dry-bulb temperature of air entering coil, deg F. 
tdi = dew-point temperature of air entering coil, deg F. 
t 2 = dry-bulb temperature of air leaving coil, deg F. 
td 2 = dew-point temperature of air leaving coil, deg F. 


and 


(^1 ~~~ tdl) 
(t2 — td2) 


Rt2 - 
“ ye - 1 


(160) 


where t, = coil-surface temperature, deg F. and the other symbols 
are as in equation 159. 

(161) 

where //< = total coil load per square foot of face area, Btu per hr. 

hr = refrigerant-side film coefficient, Btu per hr per sq ft per 
deg F.i 

Rf, = ratio of air-side surface to refrigerant-side surface. 
tr = refrigerant temperature, deg F. The other symbols are 
as in ecpiation 159. 


The above ecpiations have been developed during a ten-year program 
of research and may be used for the prediction of air-side performance 
of cooling coils with an accuracy well within the limits of that possible 
with psychrometric determinations. The required refrigerant tem¬ 
perature may be estimated within about 2 deg F. The air-side film 
coefficient ha can be determined by the application of equation 159 


* A value of 325 may be used when the refrigerant is Freon. For either water 
or brine, under special conditions, consult Fig. 344. For any liquid refrigerant 
which does not evaporate 

hr - 0.0225t;»-8D-«-2d0.8^o.6cp0.4^-o.4 

where v = velocity, fps. 

D = diameter of pipe, ft. 
d — density lb per cu ft. 

k =* conductivity, Btu per hr per sq ft per deg F per ft. 

Cp = specific heat, Btu per lb per deg F. 

M =» viscosity, lb per hr per ft. 
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to the data of coil tests. Experience has shown that if the data are 
taken when the exterior surface of the coil is wet or at least partially 
wet, the value of ha obtained may also be applied to the operation of 
the coil when its exterior surface is dry. This coefficient should be 
determined for at least three air velocities after which the values may 
be plotted on log-log paper. The 
proper value of ha to be ufee<l for 
predicting the performance of the 
coil when air at any intermediate 
velocity is passing over it may bf' 
read from the plot. (Air velociti.^s 
greater than 450 fpm v/ill sweep 
drops of water from the exterior sur¬ 
face of a coil and should be used with 
caution.) 

Since the air side of the tubes in 
practically all commercial cooling 
coils is now provided with fins the 
area As in equation 159 includes the 
surface of the fins as well as that 
of the tubes to which they are 
attached. Because of the finned 
construction of t he coils, the air-side 
surface temperature is not uniform 
under any condition of operation. For the purposes of calculation the 
surface temperature ts is that of an imaginary thin-walled plain tube 
for which the air-side heat-transfer coefficient equals that of the actual 
coil. 

When the method is applied to a problem involving dry cooling 
only (where no dehumidification occurs) the ratio (^i — tdi) 
ih - td 2 ) in equation 159 has no significance, but R may still be found 
from the equation and used in equation 160 to find the required coil 
surface temperature. The required physical data can usually be 
obtained from manufacturers^ catalogs. Data for one manufacturer’s 
line of direct-expansion coils are given in Table 130. 

Example. The method may be applied in the selection of a direct expansion 
coil to be supplied with Freon, F 12, and used in place of the chilled spray water 
for cooling and dehumidifying the air in the example of the preceding article. 
The coil will be designed for a face-area velocity of 400 fpm, and it will be assumed 
that the proportions of outdoor air and recirculated air will be the same as was 
used in the previous example. 

Solution. The first step will be to locate the state point of the outdoor air and 
that of the room air on a psychrometric chart, Fig. 345. The state point of the 



Fig. 344. Refrig(‘rant-side film co- 
efiicient hr when w'ater or (’a(4 
brine is used at a temperature of 
40 F in copper tubes with an outside 
diameter of approximately 4 in. 




TABLE 130* 

Physical Data for Finneo-Tubb Direct-Expansion Cooling Coils f 


Nom¬ 

inal 

Tube 

I^ength 

Net Face Area, 

Sq Ft 

Overall Dimension of Casing, 

Including l^-In. Bolting Flange 

20 i^- 

In. 

1 Unit 

29- 

In. 

Unit 

37i^- 

In. 

Unit 

For 20T^-In. 
Units 

For 29-In. 
Units 

For 37A-In. 
Units 

Across 

Tubes 

Along 

Tubes 

Across 

Tubes 

Along 

Tubes 

Across 

Tubes 

Along 

Tubes 

2 ' 0 " 


3.96 




29" 

2 ' 8 i" 



2 ' 6 " 

3.35 

5.01 

6.66 

203 ^" 

3' 2i'' 

29" 

3'2^" 

37*" 

3'2i" 

3' 0" 

4.06 

6.06 

8.06 


3' Sh" 

29" 

3'8i" 

37*" 

3' 8 i" 

3' 6 " 

4.76 

7.12 

9.46 

20 yV' 

4' 2i" 

29" 

4'2i" 

37*" 

4' 2i" 

4' 0" 

5.47 

8.18 

10.87 

20^" 

4' 8 ^" 

2 ‘)" 

4' si" 

37tV" 

4' Si" 

4' 6 " 

6.18 

9.24 

12.29 

2 (h^" 

5' 2i" 

29" 

5' 2i" 

37 *" 

5'2i" 

5' 0" 

6.89 

10.3 

13.68 

20 A" 

.V8i" 

29" 

5' si" 

37 *" 

Zn 

4 

5' 6" 

7.60 

11.34 

15.1 

20t^V' 

6' 2i” 

29" 

6' 2i" 

37 *" 

6' 2i" 

6' 0" 

8.30 

12.4 

16.49 

203 ^^" 

6' Hi" 

29" 

6' 8i" 

37 *" 

6' 8i" 

6' 6" 

9.00 

13.46 

17.9 

20x1^" 

r 2 i" 

29" 

7'2i" 

37 *" 

7'2i" 

7' 0" 

9.65 

14.48 

19.30 

20 A" 

7' 8i" 

29" 

7' Si" 

37 *" 

rsi" 

7' 6" 

10.35 

15.54 

20.70 

20 A" 

8' 2i" 

29" 

8' 2i" 

37 *" 

8' 2i" 

8' 0" 

11.05 

16.60 

22.10 

20,»ff" 

8' si" 

29" 

S' si" 

37 *" 

S’ si" 

8' 6" 

11.75 

17.65 

23.50 

203 ^" 

9'2i" 

29" 

9' 2i" 

37 *" 

9' 2i" 

9' 0" 

12.45 

18.70 

24.90 

20 A" 

9' 8i" 

29" 

9'8i" 

37 *" 

9' si" 

9' 6" 

13.16 

19.74 

26.30 

20t^" 

10' 2i" 

29" 

10' 2i" 

37 *" 

10' 2i" 

10' 0" 

13.85 

20.80 

27.74 

20tV' 

10' si" 

29" 

10' 8i" 

373^y" 

10 ' si" 


* Aero fin Corporation. 

t General data applicable to all the arrangements listed; Tubing, copper, -^-in. 
outside diameter. Fins, -J^-in. deep, 8 per in. Air-side surface area, 15.95 sq. 
ft per sq ft of face area per row of tubes. Refrigerant-side surface area, 1.172 sq 
ft per sq ft of face area per row of tubes. Ratio of air-side to refrigerant-side sur¬ 
face 13.6. 

Identical coils, except for refrigerant inlet and outlet piping details are avail¬ 
able for chilled water. 
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mixture entering the coil may then be located after the enthalpy and humidity 
ratio have been calculated. The sensible-heat factor for the room to be con¬ 
ditioned has been found in Art. 420 to equal 0.75. Equation 157 may be used 
to locate a point on the load-ratio liiui. A temperature less than 80 F, for example 
60 F, will be assumed and the heat content he found that must accompany it if 
the state point is to be on the required load-ratio line. 0.75 - 0.24(80 — 60)/ 
(31.2 - he)y or he = 24.8. Therefore the state point )f air at 60 F and having an 
enthalpy of 24.8 Btu per lb of dry air is on the ioj,d-ratio line passing through the 
state of the room air and may be ust <1 to establish the slope of this line. It may bt; 
noted that this load-ratio line does not oass through the state of the air entering 
the coil, which means that the coi^ load-ratio line cannot be the same as the room 
load-ratio line in this case. co^i s>h)uI i b' selected which will remove sensible 
heat and total heat from the air passuig through it in a ] roportion that will produce 
a coil load-ratio line which int<‘rsects the room load-ratio line at a point near the 



Dry-bulb temperature, deg F 


Fig. 345. Use of psychrometric chart in cooling-coil selection when reheating is 

not required. 


saturation curve. It will be assumed that the air leaving the coil will have a relative 
humidity of 90 per C('nt, and an a.ssumed coil load-ratio line is drawn tlirough tlu^ 
state of the air entering the coil and through the point where the room load ratio 
line intersects the 90 per cent ndative humidity curve on the chart. 

Equation 159 may now be anplied to determine the approximate number of 
rows of tubes rijquired to produce the desired state of th(^ air leaving the coil. 


loc, - —j ha, which is assumed to have been obtained from a test 

0.231f ^Ut2-td2) 

of a representative coil of the type selected will be taken as 10.7. As, which must 
be calculated from c.oil physical data, will be assumed as 15.95. W = assumed 
velocity X 60 -r- average of specific volumes of the air as it passes through the 
coil. W = (400 X 60) 13.61 = 1758 lb per hr per sq foot of coil face area. 
tx = 83.2 F, tdi = 63.0 F, h = 59 F, td 2 = 56 F. The temperatures and specific 

, 10.7 X 15.95 X N 

volumes were obtained from the psychrometric chart, rherefore q oq v 17*^8 


(83.2 - 63^ ^ 20^ ^ g 74 ^ AT = 1.91 X 0.23 X 1758 

(59 — 56) 3 

- 5 - 10.7 X 15.95 =* 4.51- Four rows of tubes will be used, and equation 159 rear- 
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ranged will be applied again to find the actual value of <2 — ^d 2 - 


I^g« 


83.2 - 63.0 
h ■” ^d2 


10.7 X 15.95 X 4 
0.23 X 1758 


^ 83.2 - 63.0 

1.69. --- = antiloge 1.69 

<2 — U 2 , 


5.395. ^2 “ id2 “ 


(83.2 — 63.0) -5- 5.395 =* 3.74. The state point of the air leaving the coil is then 
at a point on the coil load-ratio line of Fig. 345 at a horizontal distance of 3.74 F 
from the saturation curve. The dry-bulb temperature is 59.7 F, the relative 
humidity 88 per cent, the dew-point temperature 56 F, and the enthalpy 24.8 
Btu per lb of dry air. 

The coil-surface temperature may now be found by applying equation 160, 
U = {Rt2 - «i) (E - 1). E == (^1 - tdi) -5- {t2 - td2) = 20.2 3.74 = 5.40, 
and U = (5.4 X 59.7 - 83.2) (5.4 - 1) = 239.3 -h 4.40 = 54.3 F. 

The required refrigerant temperature may be found by solving for U in equation 

161. Ht = ^ AsN(ta — tr). Htt which must be calculated from available data, 
its 

= TF(^i — h^) = 1758(33.4 — 24.8) = 15,500 Btu per hr per sq ft of coil-face area, 
hi and being the enthalpies of the air-vapor mixture entering and leaving the 
coil, hfi which should be obtained from a test of a representative coil supplied 
with the same refrigerant, will be assumed as 325 since the refrigerant is Freon. 
Rg from coil physical data — 13.6 sq ft of air-side surface per sq ft of refrigcrant- 

325 

side surface. Therefore 15,500 = X 15.95 X 4 X (54.3 -- L)? or (54.3 — tr) 

13.0 

= (15,500 X 13.6) (325 X 15.95 X 4) « 10.16 F, and U « 44.14 F. 


The weight of air to be cooled and dehumidified will be considerably 
greater than in the preceding example because the enthalpy of the air 
leaving the direct-expansion coil is higher than that leaving the washer. 
The weight of air which must be cooled may be found as in the example 
of Art. 420. W = 128,183 h- (31.2 - 24.8) = 20,050 lb dry air per 
hr. The average volume of the air passing through the coil = 20,050 
X 13.61 60 = 4550 cfm, and the required face area = 4550 h- 400 

= 11.38 sq ft. 

Therefore a direct-expansion coil of the type selected, four rows 
deep, operated with a refrigerant temperature of 44.14 F and having 
a face area of 11.38 sq ft could be used for cooling and dehumidifying 
the air in the example of the previous article. A commercially avail¬ 
able coil would be selected and the velocity adjusted to match the exact 
face area. 

The humidity method can be applied in the same manner to the 
selection of a coil in which the cooling medium is to be chilled water, 
provided that the applicable refrigerant-side film coefficient hr is 
available. 

If the required room load-ratio line does not intersect the satura¬ 
tion curve, the coil load-ratio line should be drawn to intersect it at 
the point where the other two curves are closest. The value of the 
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term (t 2 — td 2 ) is then taken as the horizontal distance between this 
point of intersection and the saturation curve when equation 159 is 
used to determine the required number of rows of tubes. If the room 
load-ratio line does not at any point pass close to the saturation curve, 
a small number of tubes and a very low refrigerant temperature will 
be indicated. If for any reason it is desired to use a higher refrigerant 
temperature than that found by the humidity method as usually 
applied, a coil load-ratio line having a lesser slope and which does not 
intersect the room load-ratio line may be drawn. The humidity 
method may then be applied by usi^ig +he assumed coil load-ratio line, 
but in this case it will be necessary to reheat tl e air after it leaves the 
coil in order to move the state point horizontally to a position on the 



Dry-bulb temperature, deg F 

Fig. 346. Use of a psychrometric chart in cooling-coil selection when reheating is 

necessary. 

room load-ratio line. Figure 346 illustrates a case where 100 per cent 
outdoor air is cooled and dehumidified by a coil which is selected and 
operated to deliver air at 57 F and a relative humidity of 90 per cent. 
The air is then reheated to 67 F at which temperature the state point 
is on the required room load-ratio line. 

Where all the air passing through the coil is recirculated from the 
room, the state of the air entering the cooling unit is identical with that 
of the room air, and the two load-ratio lines will coincide unless it is 
necessary to use reheat. The two load-ratio lines will also coincide 
where the state of the room air may be adjusted so that this line can 
pass through it and that of the air entering the coil. 

PROBLEMS 

1. A theater having a seating capacity to accommodate 400 persons is to be 
provided with an all-year air-conditioning plant. Winter outdoor design condi¬ 
tions are 22 F dbt and 73 per cent relative humidity. Summer outdoor design 
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conditions at the time of peak cooling load are 92 F dbt and 77 F wbt. The esti¬ 
mated heat losses from the building under winter design conditions owing to con¬ 
duction through all exposed areas equal 200,000 Btu per hr. The estimated heat 
gain at the time of peak cooling load from all sources except occupants and fresh 
air equals 100,000 Btu per hr of sensible heat. Assume for design purposes that 
the plant will handle 100 per cent fresh air in an amount adequate to meet ventila¬ 
tion requirements. (Use 12 cfm per person measured under standard conditions, 
density 0.075 lb per cu ft.) Moisture gain from sources other than the fresh air 
and the occupants may be neglected. Infiltration of outdoor air may be neglected. 
Assume that the apparatus used will be the type that is shown in Fig. 338. The 
air in the conditioned space is to be maintained at 72 F and 40 per cent relative 
humidity during winter operation. During summer weather the inside-air condi¬ 
tions are to be 80 F dbt together with a relative humidity of 50 per cent, (a) 
Calculate the sensible heat factor for summer peak load conditions. (6) hJstablish 
the room-load-ratio line, and calculate the required temperature of the spray water 
for summer peak-load conditions, assuming that the air will leave the washer in a 
saturated state at the same temperature. Will it be necessary to use reheat? 
If so, specify the temperature to which the air is reheated, and calculate the heat 
required from the reheat coil in Btu per hr. (c) Calculate the refrigerating capacity 
which must be supplied to maintain the spray water at the proper temperature 
under summer peak load conditions, (d) Calculate the volume of the processed 
air and the volume of an equal weight of by-passed air. Find the temperature 
of the resulting mixture, (e) C'alculate the required t(imp(*ratur(5 of the spray wat(?r 
for maintaining the specified indoor condition during winter design conditions 
when the theater is unoccupied. Asumc that the air will leave the washer in a 
saturated state at the spray water temperature. (/) Calculate the heat required 
from the preheater coil to raise the dry-bulb temperature of the incoming air to 
that of the spray water found in (c). (g) Calculate tiie heat required in Btu per 

hour from the water heater in maintaining the spray water temperature at the 
required level under the conditions of (e), (h) Calculate the dry-bulb tempera¬ 

ture to which the air must be heated in the reheater coil to maintain the specified 
room temperature under the conditions of part (e). (i) C 'alculate the heat required 

from the rehcatcr in Btu per hour under the conditions of part (e). 

2. Assume that the theater of problem 1 is to be served by an air-conditioning 

plant of the type shown in Figure 337 which incorporates a direct-expansion cooling 
coil supplied with liquid Freon, F-12, from a remote condensing unit. Based on a 
face area velocity of 400 fpm and using the humidity method as illustrated in the 
example of Art. 421, calculate the following items for a cooling and dchumidifying 
coil of the type for which physical data are given in Table 130. (a) Will it be 

necessary to use reheat? If so, find the required temperature before and after 
reheating, (b) number of rows of tubes required; (c) required mean outside sur¬ 
face temperature of coil, F; (d) required refrigerant temperature, F; (e) required 
face area, sq ft; (/) refrigeration required to supply the coil, tons. 

3. This is the same as problem 2 except that chilled water is to be used as the 
refrigerant instead of Freon, F-12. As^mc that the water velocity is 200 fpm. 



CHAPTER 20 


AUTOMATIC CONTROLS-PRESSURE, TEMPERATURE, AND 

HUMIDITY 

422. Necessity for Automatic Controls. Pressure-actuated damper 
regulators for steam boilers and tiiermally acting units for hot-water 
heaters have been discussed in Chap, 8 as a means of limiting the com¬ 
bustion rates of hanrl-fired 
units so that excessive pres¬ 
sures and temperatures do not 
lead to dangerous operating 
conditions. Another simple 
device for limiting the combus¬ 
tion rate, as shown by Fig. 347, 
is a thermostatically controlled 
damper regulator applied to 
the operation of the draft and 
check dampers of a hand-fired 
gravity-flow warm-air furnace. 

Such equipment is also applica¬ 
ble to hand-fired steam and 
hot-water boilers. As shown 
by Fig. 347 a room thermostat 
makes and breaks an electrical 
circuit which is energized from 
the electrical service of the 
building. The action of the 
thermostat is to start and to stop the damper motor. 

All stoker-fired and oil- and gas-burning equipment must have a 
system of automatic controls to insure its proper functioning; the same 
is true in heating systems where mechanically circulated fluids are hot 
water and warm air. Automatic controls of various sorts, in heating 
and air-conditioning systems are either desirable or a necessity from 
the standpoint of safety, human comfort, proper functioning of the 
apparatus, and economy of operation. 

423. Action of Controls. Generally automatic controls function 
either (1) positively to on or off positions; or (2) move slowly in modu- 
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lating, throttling, or proportioning actions by small increments of the 
total movements of valves and dampers, with the controlling device 
anticipating the actions produced so that over control is not effected. 
The motivating forces which controls employ to actuate various pieces 
of required apparatus are (1) those produced within the control itself, 
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as in Fig. 120. (2) compressed air or other fluid under pressure, Fig. 

348; and (3) electrical power from an external source, Fig. 349. 

424. Mercury Switches. When electricity is used to operate valve 
and damper motors as well as other control devices, switches with non¬ 
arcing and non-corroding contacts are desirable. The three hermeti¬ 
cally sealed glass containers, which en<*lose small quantities of liquid 
mercury and electrical terminals as indicated by Fig. 350, represent 
forms of switches suitable for adaptation to many heating and air- 



Magnet Type Visafiame Bulb 

{The Mercoid Corp.) 

Fig. 350. Mercury switches. 


conditioning controls. These non-arcing units are divided into tilting, 
magnet, and light-actuated types. 

The tilting type functions as the tube, when mounted on some mov¬ 
able part of the control, is shifted to cause the mercury within it either 
to cover or to uncover the internal electrodes. The tilting switch, 
illustrated in Fig. 350, has one electrode normally in contact with 
mercury and the other so placed that when mercury flows into the 
refractory cup beneath it an electrical circuit is completed. The 
magnet-type unit operates with the tube held stationary in a vertical 
position. One electrode dips into the mercury reservoir, and the 
movable electrode is brought into contact with the mercury by the 
action of either a permanent or an electromagnet. The action of the 



614 AUTOMATIC CONTROLS—PRESSURE, TEMPERATURE 


flat-coil spring opens the circuit when the effect of the magnet is 
negligible. The light-actuated switch depends upon light from some 
source being ultimately translated into radiant heat to warm the 
bimetal element G which shifts the movable electrode E into the 
mercury to complete an electrical circuit through electrode F, As 
shown in the illustration, light from some source, such as the flame 
in a furnace served by an oil burner, is transmitted through the enclos¬ 
ing bulb A to a concave reflector behind G which concentrates all the 
light waves on the bimetal coil (?, where this opaque object causes the 
light waves to change to heat which affects its temperature and causes 
it to move an electrode and complete the circuit. Changes of ambient 
temperature of air and objects adjacent to the unit do not affect the 
operation of the contact as all parts of the unit are equally affected. 
If the ambient temperature is rising the coil G is affected and moves 
accordingly, but as it does so the larger and surrounding bimetal coil 

B moves in an equal and opposite 
direction causing a compensation to 
hold contact E in proper position. 

426. Pre s s u r e Controls. Cer¬ 
tain pieces of refrigeration and air- 
conditioning equipment are oper¬ 
ated to maintain desired pressures 
in condensers and duct systems. 
Figure 351 illustrates one form of 
a pressure control which functions 
with a tilting electrical switch actu¬ 
ated by a Bourdon pressure tube 
similar to that of the gage shown 
by Fig. 118. The pressure control 
of Fig. 351, when the pressure 
drops, moves the mercury switch 
to close an electrical circuit which 
in turn energizes the automatic starter of an electrical motor driving 
the machine to be regulated. The pressure control illustrated has two 
adjustments, which may be made from without, that allow it to func¬ 
tion with a certain allowable differential of pressure near that which is 
to be maintained. 

426. Thermostats. The temperature of either air or liquids is con¬ 
trolled by means of some device which is sensitive to temperature 
changes and which causes the proper valves and dampers to be moved 
to correct the variations. For this purpose some form of a thermostat 
is used which has either a volatile fluid in a flexible container or bimetal 
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strips in straight, helical, or spiral arrangement. The strips are made 
of two metals, having different coefficients of linear expansion, fused 
together so that the length of the welded piece is equal to each of the 
two pieces joined. Because of the unequal expansion and contraction 
of the two metals, the piece thus produced bends when either warmed 
above or cooled below its normal temperatuio. The action produced 
by a volatile liquid in a flexible container or by a bimetal bar causes the 
thermostat to put other pieces of control apparatus in operation. 

Thermostats are either direct or indirect in their action. When the 
thermostatic element is powerful e!»ou,^h to operate a valve or a damper 
without another agent as an intermediary it is direct acting. The heat- 
sensitive element of man>' thermostats is not strong enough to open and 
close valves and move dampers. T herefore some other medium such 
as compressed air, electricity, or a fluid under pressure is put into 
service by the thermostat to make the necessary valve and damper 
changes. Under such conditions the thermostat is classified as indirect 
as it functions to start and stop the agent producing movement in the 
mechanism controlling any unit. 

Thermostats are further classified as positive or quick acting, gradu¬ 
ated or modulating, and combination, which embody positive and 
graduated control. Positive thermostats quickly and completely open 
or close a valve or switch without any intermediate positions. Those 
which give graduated control permit slow opening and closing of 
valves together with intermediate positions between fully open and 
fully closed. Figure 349 illustrates a thermostat in connection with a 
direct radiator for the control of the room-air temperature. 

Thermostats may be employed in securing desired psychrometric 
conditions of air-vapor mixtures by their use in the control of one of 
the following temperatures: (1) 
dry-bulb, (2) wet-bulb, or dew 
point when conditions of saturation 
are maintained at a predetermined 
value. 

427. Hydraulic-Action Regula¬ 
tors. The unit of Fig. 352 consists 
of a thermostatic element which is 
placed in the tank containing a 
heated fluid. The bulb is filled 
with a volatile fluid. Pressure, cre¬ 
ated within the bulb by heat vaporizing some of the fluid, is trans¬ 
mitted through an armored flexible tube to the diaphragm of a valve 
in the steam supply line. Ordinarily the valve is held open by the 
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spring action of the diaphragm or springs bearing against it. The 
pressure developed within the bulb causes the valve to close against 
the resistance offered by the diaphragm, and steam is shut off from the 
heating coils. When the bulb temperature falls, the pressure becomes 

insufficient to hold the diaphragm- 
actuated valve closed, and the valve 
opens to admit steam to the heating 
coils. 

A thermostatically controlled globe 
valve is illustrated by Fig. 353 in 
which a sylphon bellows serves as 
the pressure unit. Attached to the 
bellows by a small tube is a bulb filled with a volatile fluid. When the 
thermostat is satisfied, as regards temperature, it closes an electrical 
circuit which includes a resistance coil wound about the liquid-filled 
bulb. The heating effect of the coil vaporizes some of the liquid to 
produce a pressure in the sylphon bellows, and the valve is closed to 
the passage of any material through it. Modifications of this form of 
control are used by various manufacturers in the production of 
aquastats and other temperature regulators. 


Thermostat 

{The FvXton Sylphon Co.) 

Hot-chamber regulator. 


Compressed Air Supply 15 lb« 



{Powers Regulator Co.) 

Fig. 354. Vapor-disc thermostat. 


428. Room or Wall Thermostats. Figure 354 shows a room thermo¬ 
stat which has a corrugated hollow vapor disc or thermal element 
partially filled with a volatile liquid. Temperature changes cause the 
diaphragm to expand or contract as the pressure within it varies. 
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The vapor disc or diaphragm operates a double valve which controls 
both the supply and exhaust of compressed air for operating control 
valves and dampers. The thermostat of Fig. 354 is an indirect type 
capable of giving modulating effects. 

The vapor disc and double valve are housed within a case which may 
or may not have a thermometer mounted upoi. its front. Provision is 
made for adjustment of the thermostat to function at various tempera¬ 
tures by means of a regulator which is accessible from the outside of the 
case. These thermostats are also made positive acting for use with 
one-pipe steam radiators whr:'o paii ia^ closing of the radiator valve is 
not permissible. 

The thermostat of Fig. 355 is built to operate with compressed air 
as the moving force in secc ndary equipment such as radiator and other 
valves and damper motors. Air-temperature changes about the 
instrument are detected by a bimetal 
element which is bent into a U shape. 

The element is pivoted at a location 
near the bottom of the bend, and it is 
loaded by a spring to keep it in contact, 
at all times, with a cam whose position is 
changed as the temperature-adjustment 
dial is rotated. The motion of the free 
end of the bimetal clement is transmitted 
through a leaf spring of the nozzle lever 
which rotates about pivots to either 
cover or to uncover the bleed port of 
the nozzle and thus change the amount 
of its opening. The spring action is 
sufficient to keep the nozzle opening closed against an air pressure of 
15 psig in the branch line. When the nozzle port is uncovered the 
compressed air escapes, and the pressure in the line is below that 
necessary to move the secondary-control parts. When the bimetal 
element moves to close the nozzle port the air pressure in the secondary 
line increases, and the proper movement of valves and dampers is 
made to reduce the air temperature. These thermostats are also built 
with the bimetal construction reversed so that an increase of air tem¬ 
perature causes the element to contract and to open the nozzle air 
port. Decrease of air temperature produces the opposite result and 
the nozzle port is closed. The restriction-screw adjustment varies 
the amount of compressed air delivered to the thermostat and the 
branch line by the main-supply connection. The adjustment is made 
after installation to give the desired speed of operation for the devices 
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Fig. 355. Pneumatic thermo¬ 
stat with bimetal element. 
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controlled. The setting is such that the nozzle can always bleed the 
branch-line pressure down to one psig or less. 

Bimetal thermostats, built for the actuation of secondary devices 
such as valves and damper motors are constructed with dual arrange¬ 
ments within a single case or housing. One of the elements, with a 
proper setting, functions to give daytime temperature control, and th(^ 
other operates at night or those times when reduced air temperatures 
are desirable. The dual thermostats of one manufacturer are auto¬ 
matically changed from day service to night service, and vice versa. 




{White-Rodgera Electric Co.) 

Eig. 356. Bimetal electric thermostat. 

by varying the main air pressure from 13 to 17 psig. This action may 
be obtained by the manual movement of a switch or by the use of a 
program-operated clock. Some of the units are provided with push 
buttons which allow the change from night operation to day functioning 
when the button is moved. The push-button setting is nullified when 
the equipment is again indexed for day operation. 

The construction of one form of an electrical bimetal thermostat is 
shown by Fig. 356 in which the temperature element C is mounted 
upon an arm pivoted at a point near to the center of the element 
coils. The temperature at which the thermostat functions is deter¬ 
mined by the setting of the adjustor which in turn fixes the position of 
the arm on which C is mounted. The free end of the coiled bimetal 
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element makes and breaks contact with the end of the cycling screw 
E which may be adjusted to give the desired frequency of the periods 
of on and off operation. 

The electrical leads to and from the thermostat are connected by 
screws to its mechanism at the back of the base. When the bimetal 
element makes contact with screw E a per laiient magnet located 
below the contact point aids in giving siiap action to the movement 
of the free end of the bimetal element. The closure of the contacts 
at E allows electrical current to flow through a circuit which includes 
the heating or anticipating element, the bimetal coil (7, and the 
secondary control which is to be operated. A very simple wiring 
connection for a single elec trical thermostat is shown by Fig. 349. 

The anticipating element is a resisttmee through which the electrical 
current flows and which serves as a heater unit to warm the bimetal 
element. The prewarming of the bimetal element causes the electrical 
circuit to be opened before the temperature of the air has reached that 
desired. Such action prevents the overrunning of the desired air 
temperature because of what amounts to thermal lag in the system. 
Similar heat-anticipating coils are used in the thermostats produced by 
various manufacturers. 

Electrical thermostats, of the form of construction just described, 
are constructed with two bimetal elements one of which is \ised with 
a heater for the control of daytime temperatures and the other a low- 
temperature unit for night or other periods of reduced temperatures. 
Such an arrangement is fitted with two cycling screws and is used in 
connection with a timing switch (electrical clock device) wdiich may 
be set to shift from one bimetal element to the other at predetermined 
times. 

Reduction of air temperatures during definite periods of time, such 
as night and unoccupancy periods, may be obtained with a single 
bimetal thermostat operated in connection with a 24-volt electric 
timer clock. The temperature setting of the thermostat is not changed 
when a reduction of the air temperature is desired. The clock has 
two dials, each externally adjustable, one of which is set for the time 
at which the temperature is to be lowered and the other for the time 
at which the air temperature is to be restored to that corresponding 
to the setting of the thermostat. The air temperature reduction is 
secured by the passing of low-voltage (24-volt) current through a 
resistance heater located wdthin the thermostat case. This action 
results from the clock closing a switch in the heater circuit. The 
heater action is to impart to the bimetal element an amount of heat 
sufficient to cause the air temperature to be low^ered the desired num- 
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her of degrees. When the required period of low-temperature opera¬ 
tion has passed the clock automatically opens the heater circuit, and 
the thermostat maintains the temperature for which it is set. The 
clock unit can be set to automatically give high and low temperatures 
during the desired periods or either low or high temperatures con¬ 
tinuously, depending upon the setting of a control knob located upon 
the front of the clock case. 

429. Modulating Controls. The thermostats shown by Figs. 355 
and 356 involve on-and-off operation of the equipment which they 
serve. Throttling, proportioning, and intermediate-acting controllers 
are used to give modulating effects by repositioning the moving parts 
of either valves, damper motors, or other controlled devices. Small 
changes of the total travel of the actuated parts occur when slight 
changes are sensed by the controllers as variations take place in the 
regulated conditions. 

When pneumatically operated units are used throttling and modu¬ 
lating effects are obtained by the employment of devices in connection 
with the thermostats which are essentially pressure-reducing valves. 
These units are actuated by the controlled valves and dampers so 
that they reposition them to maintain the desired conditions of the 
controlled media. The controllers are designated as direct acting 
and reverse acting. A direct-acting unit increases its branch (pipe 
leading from the controller to the motor) air pressure on increase of 
the controlled condition while the reverse-acting (jontrollcr increases 
its branch air pressure on decrease of the controlled conditions. 

The pneumatic thermostat of Fig. 354 does not allow continuous 
loss of air from the piping by bleeding or controlled leakage. The 
thermostat supply and exhaust valves are not open at the same time, 
and both remain closed for considerable periods of time. The thermo¬ 
stat mechanism includes in its construction what is essentially a 
pressure-reducing valve. The air pressure can be held in the branch 
line, leading to the valve or damper motor, to give the necessary posi¬ 
tions of the mechanism that are required to effect the desired results. 
This action allows the thermostat without other aids to produce 
modulating effects. 

Modulating effects are obtained with electric thermostats by use in 
the circuits of what amounts to a Wheatstone bridge which when 
unbalanced actuates the repositioning of an element that moves a 
valve or a damper. Some of the details of such a device are shown 
by parts a, 6, and c of Fig. 357 which indicate the construction and 
operation of a Minneapolis-Honeywell Regulator Company, series 90, 
control unit used to provide modulating or proportioning effects when 
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either motorized valves or dampers are used. These circuits operate 
to position the controlled device (damper or motor valve) between 
fully open and completely closed conditions and thereby proportion 
the delivery to the need indicated by the controller mechanism. The 
series 90 controllers may be either (1) room thermostats, (2) insertion 
thermostats, (3) humidity controllers, or >^4) piessure controllers. 

The essential parts of the mechanism include: a transformer; a 
controller potentiometer; a balancing relay composed of solenoid coils 
Cl and C 2 , a U-shaped armature A which is pivoted at P, contacts 
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Fig. 357. Minnoapolis-Honeywell, series 90, control circuit. 


Ki and /C 2 , and a contact blade B which moves with the armature; 
motor coils W 1 and W 2 ] condenser N ; the motor shaft; and the motor¬ 
balancing potentiometer. The controller and the motor potentiom¬ 
eters are alike electrically, and each has a 135-ohm coil of resistance 
wire wound on a suitable bobbin. Each potentiometer has a wiper- 
contact finger which may move across its resistances. A low-voltage 
capacitor motor drives the motor shaft through a train of speed- 
reducing gears, and the amount of the shaft rotation is held to 160 
deg by the action of limit switches. The legs of the pivoted U-shaped 
armature extend into the solenoid coils C 1 and C 2 , and as the armature 
moves about its pivot the contact arm B either may touch contact Ki, 
be midway between Ki and K 2 (balanced condition), or touch K 2 . 
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When the controller holds the moving contact of its potentiometer at 
I, as shown by Fig. 357a, the motor potentiometer contact will be 
at 2 for a balanced condition. The currents flowing through solenoid 
coils Cl and C 2 are equal, the armature A is in a position to place 
contact blade B midway between Ki and and the motor is at rest. 
When the controller unit (thermostat or other part) causes its wiper 
contact to move to position 1', Fig. 3575, resistance /2i is not equal to 
and more current flows from the transformer through coil C 2 than 
flows through C\\ armature A is shifted so that its contact blade B 
makes an electrical circuit at K 2 - The motor now receives more cur¬ 
rent through coil W 2 than it does through IFi, and it rotates in the 
direction corresponding to this condition. The wiper connection 
attached to the motor shaft then shifts the motor potentiometer con¬ 
tact to the position 2' as shown by Fig. 357c. Resistance Rs then 
becomes equal to Ri and Ri equals R^. When such a condition exists 
the amounts of current flowing through coils Wi and W 2 are equal, 
and the contact blade B is located midway between Ki and K 2 . The 
motor under these conditions is at rest, and the shaft has positioned 
the movable part of the damper or valve motor to meet the demands 
as indicated necessary by the controller unit. The same operating 
actions take place when the controller wiper contact moves over that 
portion of the resistance designated as and the motor wiper con¬ 
tact moves over R 4 , except that 
the motor shaft rotates in an 
opposite direction. 

430. Insertion and Immersion 
Thermostats. An insertion ther¬ 
mostat has its heat-sensitive ele¬ 
ment placed either within an air 
duct or a plenum chamber with 
the remainder of the unit mounted 
outside it. This arrangement is 
an aid in the matter of observa¬ 
tion and adjustment of the instru¬ 
ment settings. The external 
appearance of one form of an in¬ 
sertion thermostat is shown by 
Fig. 358. This particular device 
has a spirally wound strip of 
bimetal as a thermal element which is located within a protecting 
shield of perforated metal. Another form of insertion thermostat 
uses a vapor disc, of the type shown by Fig. 354, mounted upon an 



Fig. 358. Insertion thermostat for a 
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extension into a plenum chamber or duct. The remainder of the 
control has an external mounting. The combination of a perforated 
brass bulb and an invar rod (nickel steel) also serves as an actuating 
part in some designs. 

Immersion thermostats require the use of a closed bulb to house the 
change of temperature-sensitive materials. Materials used are readily 
volatile fluids, spirally wound himetal strips with some mercury to 
give good contact with the enclosing bulb, and brass bulbs enclosing 
invar bars. Immersion thermostats are used for the control of the 
temperatures of fluids such as 'vater si ^am, brine, and some gaseous 
materials. The mounting of the mechanism, exclusive of the heat- 
sensitive part, is external to the fluid whose temperature is to be regu¬ 
lated. Those thermostats which em¬ 
ploy bulbs filled with a volatile fluid 
have some of the construction charac¬ 
teristics indicated for hydraulic-type 
regulators described in Art. 427. The 
connection of a thermostatic bulb with 
the remainder of the me(;hanism by 
means of a flexible tube of any feasible 
length is often of considerable conveni¬ 
ence in the location of immersion-type 
thermostats. 

431. Surface Thermostats. Controls 
which function by virtue of surface- 
temperature changes of either pipes or 
ducts are often used instead of either 
insertion or immersion thermostats. 

An illustration of a snap-action elec¬ 
trical surface control is shown in Fig. 359 where the unit is rigidly 
strapped to a pipe surface so that heat may flow through its base to 
its thermal element. 

Applications of the instrument shown by Fig. 359 are (1) in hot- 
water heating systems as a high-limit temperature control placed near 
to the boiler-water outlets; (2) as a device to prevent operation of a 
circulator in a hot-water heating system when the boiler-water tem¬ 
perature is low; and (3) when attached to the return pipe of a unit 
heater ahead of any valve or trap, as a control to prevent the opera¬ 
tion of the heater fan when the heater is not receiving either steam or 
water heated to a sufficient temperature. This action prevents the 
heater from discharging inadequately warmed air into a space and 
thereby produce undesirable drafts. 


Base snug 
against pipe 



{Perfex Ctirp.) 

Fi(}. 359. Surface thernio.sttit. 
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432. Mercoid Thermostats. Non-arcing enclosed electrical switches, 
similar to those described in Art. 424, are often incorporated as part 
of thermostats employing as heat-sensitive elements, either bimetal 
or volatile-material-filled bulbs and bellows. These switches are 
operated with snap action and employ line voltages in the operation 
of fans, motorized valves, damper motors, and pieces of secondary 
equipment. 

433. Compound and Multiple Insertion Thermostats. In divided 
or combination systems of heating and ventilation a single instrument 
to control the temperature of air supplied by a fan-coil heater unit 
and also to regulate the heat output of direct radiators is an important 



{Johnson Service Co.) 

Fig. 360. Application of a multiple-insertion thermostat. 


piece of equipment. For this purpose some form of compound thermo¬ 
stat is used to positively open and close radiator valves and to operate 
mixing valves in air ducts. These units have applications with unit 
ventilators when the heater-coil valve must be operated quickly and 
the dampers moved gradually. 

Multiple-insertion thermostats have a single thermostatic element 
which actuates a number of relays. The classifications are two, three, 
and four points, depending upon the number of relays or automatic 
switches involved. The thermostatic elements are installed in either 
air ducts or plenum chambers. 

The application of such an instrument is shown by Fig. 360, where 
a single perforated brass tube together with an invar rod functions 
by the aid of four relays to operate the steam valves of the four sec¬ 
tions of an air heater. In air-conditioning installations the instru- 
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ment may be used as either a dry-bulb, a wet-bulb, or a dew-point 
control. The possibility of serving several branch lines with different 
characteristics exists. This condition allows the satisfactory sequen¬ 
tial operation of steam, air, refrigerant, and three-way mixing valves 
together with different kinds of dampers. 

434. Limit Controls. These devices include equipment to control 
pressures through various ranges, A.rt. 425, and thermostatic units of 
the insertion, immersion, and surface types, having the general forms 
of the units discussed in Arts. 430 and 431. 

Pressure-limiting devices us^ w'th mechanically fired boilers, 
refrigeration units, and air-conditioning eejuipment. An aquastat is 
a thermostatic device used in connection with hot-water heating plants. 
Fig. 3735 to control water temperatures as the fluid leaves the boiler 
or those of the water within the boiler at a location near to the return 
connections. Outlet-water temperatures are regulated by the action 
of either an immersion thermostat in the boiler outlet piping or by a 
surface unit strapped to a bare pipe surface of the same. The low- 
limit aquastat maintains a minimum temperature of the boiler water 
so that a long period of time is not required to bring the boiler to 
working conditions when a demand is made for heat in the spaces 
served by the plant. High-limit aquastats function in an electrical 
circuit with a room thermostat to stop or at least retard combustion 
within a boiler furnace by action on the operation of either automatic- 
fuel-burning equipment or the damper motor of a hand-fired plant. 
Low-limit aquastats have the opposite function as they may be used 
to accelerate combustion of fuels. Insertion thermostats, called limit 
controls, have applications in the bonnets of both gravity-flow^ and 
mechanical warm-air furnaces. In a gravity-flow furnace installation 
the limit control functions to prevent the bonnet-air temperature from 
rising above a predetermined value by the operation of a damper 
motor in hand-fired installations or its controlling action in the circuit 
of a room thermostat in mechanically fired furnaces or in the operation 
of a gas valve in connection with a gas burner. When a mechanical 
warm-air furnace is to be operated a bonnet control may have two 
functions, each produced by a separate thermostatic element of the 
device. The actions are: (1) to prevent the bonnet-air temperature 
from exceeding the desired and safe value, and (2) to function by means 
of the second thermostatic element to prevent the fan motor from 
starting until a suitable air-outlet temperature has been secured. 
This prevents the fan from circulating air of insufficient temperature 
to produce uncomfortable conditions within the space served. Another 
thermostatic device is a stack switch placed in the flue or chimney 
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connection of an oil-fired heating unit which prevents operation of the 
burner when the flame is extinguished. Such operation would lead to 
a dangerous condition of having unburned oil collect within a furnace. 

With a gas burner a thermocouple unit may be placed so that the 
pilot flame plays upon it to produce a small electrical current within 
its circuit. This action keeps a switch wired in series with those 
actuated by the other controls of either a boiler or a furnace closed. 
When the pilot flame is extinguished the thermocouple device pre¬ 
vents the main valve of the burner mechanism from opening and 
thereby prevents the accumulation of unburned gas within a furnace. 

436. Humidistats. The hygrostat or the humidistat is a device 
which is sensitive to moisture changes in air and which will cause 
equipment to act to maintain a desired vapor content in the air. 
Often some form of a thermostat and a humidistat mechanism are 
placed side by side within a single housing to form a device used for 
the control of air conditions within a space. 

The moisture-sensitive member of a humidistat can be any one of the 
following: a block of special wood exposing the greatest amount of end 
grain to the air, human hair, fiber, paper, and membranes. Other 
humidistats comprise a combination of wet- and dry-bulb thermostats 
differentially connected. One expansive element is kept moistened by 
means of either a wick or a water spray. The interconnection between 
the thermostatic elements is such that they are not afTected by tem¬ 
perature changes alone but by changes in the relation between the 
wet- and dry-bulb temperature which result from a change in relative 
humidity. This is possible because for any definite relative humidity 
there is a practically straight-line relationship between the relative 
changes of wet- and dry-bulb temperatures. 

Humidistats function to operate either humidifying or dehumidifying 
equipment by actuating solenoid water valves, compressed-air valves, 
motor-operated valves, electric-heater elements, dampers, fans, pumps, 
and motors. Arrangements of humidity control involve either two- 
position (on-and-off action) or modulating devices. 

The construction of and the application of a wall-mounted human- 
hair element three-wire snap-acting permanent-magnet humidistat 
are shown by Figs. 361 and 362. The view of the humidistat mecha¬ 
nism shown by Fig. 361 is with its cover removed and the unit in a 
horizontal position. Actual installations are made with vertical place¬ 
ments in which the adjusting dial is at the top of the arrangement. 
The device includes human-hair elements E; a contact blade C; an 
adjusting dial D; a flexible mounting of the contact blade M; contacts 
Cl and C 2 ] and terminal connections W, B, and R to which wires with 
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white-, blue-, and red-colored insulations, respectively, are attached 
at the rear of the instrument. 



(Penn Electric Sv'itch Co.) 

Fi<j. 3(U. M(‘<‘hanisiri of a hinnidistat. 


Movement of the adjusting dial 1) changes the tension of the hair 
elements. When the njlative humidity of the surrounding air is above 
that for which the dial is set the hair elements lengthen and cause 
blade B to move against contact 


Cl and make an electrical circuit Humidistat 

through W and IL When the 

. ^ ••11 ^1 . R Close on humidity drop 

moisture of the air is below that ^ 

R A\ Common 

(corresponding to the dial setting I \j/ 

the hair elements shorten in 

length, and blade contact is made or - ^ -Summer or 

at C 2 to complete the circuit humidification dehumidification 

through wires B and R. The ^ 

making of the electrical circuit 

through wires W and R causes the To To 

...uipment to f,motion to docrea.,. “■'Wy tSS™ 

the amount of moisture being held - 

,, , . - Pilot load only 

in air; the closing of the circuit (Pen. Eiectnc s.atch Co.) 

through B and R causes air hu- Fig. 3G2. Wiring diagmin for humidi- 
midification. In either case when stat and selector switch, 

conditions corresponding to the 

humidistat setting have been secured the proper contact is broken 
and the electrical circuit to the secondary control is open. Wire R 
is common in cither circuit, and Fig. 362 shows the points of wire 
attachments at the back of the instrument base. Also shown in Fig. 
362 is the use of a single-pole double-throw selector switch, which is 


Winter or - 
humidification 


kSummer or 
dehumidification 


humidifying dehumidifying 
apparatus apparatus 

Pilot load only 

(Penn Electric Switch Co.) 
Fig. 3G2. Wiring diagram for humidi¬ 
stat and selector switch. 
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Potentiometer 


Hair element 


Calibration 

screw 


manually operated, to shift the instrument control either from humidi¬ 
fication to dehumidification apparatus, or vice versa. 

Details of the construction of a human-air-element unit designed 
to give modulating effects are shown by Fig. 363. The functioning 

of the instrument depends 
Mounting hole upon the change of lengths of 


upon the change of lengths of 
the human hairs with the 
variation of the amount of 
moisture in the surrounding 
air. The humidistat of Fig. 
363 includes a potentiometer 
arrangement of the type dis¬ 
cussed in Art. 429. The hu¬ 
midity controller, as shown in 
Fig. 363, is calibrated so that 
the sliding-wiper contact is at 
the mid-point of its travel 
over the resistance coil of the 
potentiometer when the room 
relative humidity is equal to 
that shown by the setting of 
the humidity indicator. The 
controller with its potenti¬ 
ometer, as illustrated by Fig. 
363, is used in connection with 
a proper motor that is also 
fitted with a potentiometer 
coil. The motor operates 
any of the secondary-control 
devices that were listed earlier 
in this article. 



Lock screw 

Humidity 
indicator 

{Minneapolis-Honeywell Regulator Co.) 

363. Internal view of humidity 
controller. 


436. Sensitivity of Controls. In any temperature, humidity, or 
pressure-control system a change in the state of the conditioned mate¬ 
rial produces functioning of the apparatus. The desired corrected 
conditions may come from either two-position (on-and-off operation) 
or graduated and modulating actions. Two-position controls operate 
well with radiator valves installed in one-pipe steam-heating systems, 
on-and-off operation of stokers and oil and gas burners, pressure regu¬ 
lators, and various safety devices. Where high-and-low-flame oil- 
or gas-burner operation is required and changeable throttling actions 
in steam, air, gas, water, and refrigerant valves are necessary to give 
closer regulation, with varying load conditions, some form of equip- 
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ment is necessary to give modulating effects. In order to secure 
modulation effects a slight change of the state of the controlled medium 
is necessary in order that the controlling equipment may be actuated. 
Under these conditions the sensitivity of the control must not be too 
great, otherwise the unit may 
be unstable and thus cause 
wide fluctuations above and 
below the desired conditions 
without being able to hold a 
steady position. 

The actions of a wjill- 
mounting-type room thermo¬ 
stat are indicated by the test 
data^ of Figs. 364 and 305. 

The data are comparative as 
they were taken for test con¬ 
ditions that may be easily duplicated and not for actual room opera¬ 
tions which are often difficult to reproduce quickly. The air-temper¬ 
ature curve indicates a maximum value at the point of cut-out A and 
a minimum value at the cut-in point B with an air-temperature 
difYerential equal to the difference of 
the two. The temperature of the 
thermostat element fluctuated be¬ 
tween the maximum and minimum 
value shown at points C and D. 

The actual differential of the ther¬ 
mostat-element temperatures is 
represented by its temperature 
difference between the points of cut¬ 
out and cut-in. A thermostat con¬ 
trols most accurately in air which 
moves rapidly and which has small changes of temperature. With 
the instrument operating as shown by Fig. 364, the temperature of 
the element lags behind that of the air with rising temperatures and 
remains above the temperature of the air as the value of the latter 
decreases. 

The anticipating or compensated form of electric thermostat. Fig. 
356, employs a small heater element located within the thermostat 
housing. This heater begins to warm the sensitive element or blade 
as soon as the instrument cuts in. The action anticipates the warm- 

1 “Development of Testing Apparatus for Thermostats/' by D. D. Wile. 
ASffVE Trans.y Vol. 42. 1936. 
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Fig. 365. Effect of compensating 
heater element in thermostat oper¬ 
ation. 



Fig. 364. Lag of air temperature. 
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ing of the room air and allows the thermostat to operate on smaller 
temperature differentials. The performances of a thermostat oper¬ 
ating without and with a heater are shown by Fig. 365. The figure 
indicates that without the heat-anticipating device the maximum air- 
temperature differential was 4 F, and with it in service the differential 
was reduced to F as the unit cycled more frequently than before. 
Air velocity, within a thermostat, has a marked effect on the air-tem¬ 
perature differential when a heater is not used as a part of the apparatus 
construction; when the heat-sensitive part of the control is warmed 
by the action of an auxiliary device the effects of air velocity are 
largely eliminated. The sensitivity of all thermostats should be 
changeable by means of an adjusting screw, and also, in order to satisfy 
various installations, provision should be made for varying the amount 
of heat imparted to the thermostatic element. 

437. Locations of Thermostats. The preferable location of a room 
thermostat is on an inside wall about 30 in. above the floor; a thermo¬ 
stat so placed will give better control of the air temperature in the 
occupied zone than one located at the 5-ft level. When a single 
thermostat is used to control the temperature of a structure or por¬ 
tions of the structure careful attention must be given to the location 
of the room in which it is placed. This consideration must take into 
account the amounts of solar radiation passing into the rooms involved, 
the heat liberated Avithin the rooms controlled, and the effects of 
radiant heat from direct radiators upon the room occupants. 

438. Air Compressors. Air for operating pneumatic controls is ordi¬ 
narily at a pressure of 13 to 17 psig. When air at a higher pressure is 
available the necessary pressure can be secured by means of a pressure- 
reducing valve. Where compressed air is not available provision is 
made for it by the installation of small motor-driven or hydraulically 
operated air compressors. Electrically driven air compressors such as 
those in Fig. 348 are most common. The air must be free from water, 
oil, and dirt as the port passages in many thermostats and controllers 
are very small and are likely to become clogged if the air is not clean. 

439. Voltage for Electrical Thermostats. The motors and control¬ 
lers in many systems having electrically operated thermostatic control 
function with the current supplied at 20 to 25 volts. With alternat¬ 
ing current, this low voltage is readily obtainable by stepping down the 
house voltage by a small transformer. If direct current is available 
resistances such as lamp banks are necessary to reduce the voltage. 
Storage batteries operating at 6 volts may also be used with direct- 
current controllers. Thermostats and other equipment which func¬ 
tion at line voltages which are 115 and 230 are also used. 
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440. Diaphragm and Motor Valves. The pressure of a fluid such 
as either compressed air or a volatile liquid actuates diaphragm valves 
of the type shown by Fig. 366. The valve may 
be made to open and close quickly, or it may be 
only partially opened or closed, depending upon | 1 

the thermostat used, i. e., positive or grtuluaied 

The radiator valve of Fig. 366 has a sylphon >-LJ 

bellows of metal which together with a central 
coil spring holds the valv ope*i lormally. y 

When the thermostat iunctions to reduce the [ [ 

room-air temperature compressed air is admitted, 
under a pressure not to exceed 15 psig, inside the 

casing surrounding the bellows. The external Venice Co.) 

pressure on the bellows forces it to contract, Kig. 366. Sylphon- 
thereby pushing the valve stem downward to bellows radiator valve, 
close the valve. 

In temperature-control systems using electrical power to operate 
the central valves a motor valve is necessary. Figure 367 shows 
a globe gas valve with its motor and bellows which operates an air- 
damper lever of a gas burner and a valve stem with a disc for the 

Solenoid 
oil 


Electrical 

connections 
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solenoid type and is suitable for use with gas furnaces, gas-fired steam 
and hot-water boilers, conversion burners, and industrial furnaces. 
The component parts of the valve are as indicated by Fig. 368. The 
valve operates under the action of either a room thermostat, limit 
control, or other device, which closes a circuit to energize the coil and 
cause its plunger to be drawn upward, by the action of the electro¬ 
magnet thus formed, and thereby 
open the valve. In case of current 
failure the valve automatically 
closes, and the gas pressure in the 
supply line acts to hold the disc 
upon its seat. In the case of cur¬ 
rent failure the manual-opening 
device at the bottom of the body 
may be used to lift the valve disc 
from its seat to allow gas to pass to 
the burner. When the power serv¬ 
ice is renewed it is necessary to 
lower the operating screw to a posi¬ 
tion where automatic control under 
thermostatic action may occur. 
These valves are built for single¬ 
phase alternating current having 
operating potentials of 24, 115, and 
230 volts and frequencies of 25 and 
60 cycles. 

When either heated or refriger¬ 
ated water is to be mixed with 
other water in the operation of air 
washers and coil equipment, the 
three-way mixing valve as typified 
by the unit shown by Fig. 369 is useful. 

Valves of the construction of Fig. 366 and which stand open, when 
the pressure of compressed air is not exerted upon their bellows, are 
classed as direct acting; when the air pressure must be applied to the 
bellows to open the valve the term reverse acting is used. 

441. Damper Controllers. These devices are operated either elec¬ 
trically or by the pressure of some fluid such as compressed air. Fig¬ 
ure 370 illustrates the application of a pneumatic controller to a two- 
blade mixing damper assembly. Dampers can be so arranged that 
a single motor will operate any number of leaves. The damper action 
may be either two-position (with complete opening and closing only) 



Fig. 369. Three-way pneumatically 
operated mixing valve. 
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or modulating. Modulating may involve either gradual action, partial 
opening and closing, or fully open or fully closed positions. A damper 
controller in the form of a static- 

pressure regulator is shown by Fig. — 

442. Combination Radiator Valves *\j 

and Thermostats. All two-pipe p _tL ^ 

steam, vapor-, and vacuum-heating |\ “ i 

systems may be installed with a y=^== -^ ^ 

special thermostatic control r.t each ^-\ 

direct radiator and convector. Such \ \ 

devices for regulating the room-air ^ ^ 

temperature embody a radiator -4 ^ 

valve, at the heating-unit inlet, ^ —y ^ 

which has a thermostatic element as ^ 

. , I , {Juhnaon Service Co.) 

an integral part Two-blade damper with 

Applications of a Minneapolis- pn.mmatic regulator. 

Honeywell Modustat are indicated 

by Fig. 371a for a direct radiator and by Fig. 3716 for a convector. 
The valve body, Fig. 371a, has a rigid extension from its lower side 
which is divided into two chambers by a baffle containing a small hole. 
A small amount of a volatile liquid is held in the bottom of the exten¬ 
sion. Changes of air temperature around the lower part of the exten¬ 
sion produce changes of pressure in the extension. As the licjuid is 



(a) 

Fig. 371. 


(b) 

{Minneapolis-Honeywell Regulator Co.) 
Modustat temperature control. 


gasified it passes through the small opening of the diaphragm to the 
upper chamber of the extension. The amount of the opening of the 
orifice in the valve body, through which steam passes, is determined 
by the gas pressure exerted upon a metal valve-actuating bellows at the 
bottom of the valve body. The valve is adjustable for full automatic 
temperature control, and it may also be used for hand control if so 
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desired. In the valve of Fig. 3716 the rigid extension is replaced by a 
flexible hollow tube and a bulb containing a volatile material. The 
bulb is placed in any position where the temperature of the air most 
nearly represents that of the air returning to either the radiator or 
the convector to be controlled. 

443. Applications of Automatic-Control Devices. The primary 
functions of automatic-control devices, used in heating and either 
comfort or industrial (winter, summer, and all-year) air-conditioning 
plants, are to provide the desired, the necessary, and satisfactory 
conditions along with economy of operation in the consumption of 
fuel, steam, water, power, etc. The requirements may involve only 
the control of air temperature; they may also include regulation of the 
air humidity along with its movement and distribution. Agents used 
for the purposes mentioned include thermostats of various types and 
actions, humidistats, damper and valve motors, and pressure regulators 
with varied applications. 

Thermostats (1) control the outputs of steam radiators, unit 
heaters, ventilators, and air conditioners, central-fan heater plants, 
Fig. 372, and the circulators of hot-water heating systems as well as 
the fans of mechanical warm-air furnaces; and (2) regulate the burn¬ 
ing of fuels in steam and hot-water boilers, gravity-flow and forced- 
circulation warm-air furnace systems, and direct-fired unit heaters. 
The thermostats may be set either manually or by clock-actuated 
switch mechanisms to give different day and night conditions. Art. 
428, and intermittent operation. Small buildings may have only one 
thermostat for their air-temperature control; larger structures may 
have a thermostat in each room. The operating results obtained by 
each scheme are dependent to a great extent upon local conditions. 

An indication of how temperature-regulating devices may be used 
in winter air conditioning is shown by the details of Fig. 372, which is 
for a split system. The unit shown permits the cleaning of a mixture 
of recirculated and outside air by means of an air filter prior to its 
passing to the preheater coils which are under the control of thermo¬ 
stats and pneumatically operated steam valves. The initial dry-bulb 
temperature of the air entering the washer is adjusted to that which is 
necessary to give the desired dew point when the equipment operates 
with unheated spray water to produce partial adiabatic saturation of 
the air. The final dry-bulb temperature of the air as it leaves the 
reheater sections (through a connecting duct section not shown) and 
enters the fan is fixed by adjustment of the thermostat, at the fan 
outlet, which controls the pneumatically operated steam valve of the 
reheater section. The setup of Fig. 372 is not arranged for air cooling 
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with dehumidification. Tiie addition of refrigeration e(juipnient 
together with a three-way mixing valve, suitable piping, and additional 
thermostatic controls will permit the washer to serve for all-year air 
conditioning. Other applications of pneumatic-control equipment 
are shown by Figs. 348 and 360. 



Fig. 372. Split system of hoatiii)? anil ventilation. 

Assemblages of important parts, together with their connecting 
wiring, are shown by the examples of Fig. 373 for both hand- and 
automatically fired fuel-burning equipment and a simple unit heater. 

The unit-heater fan, Fig. 373rf, is under the regulation of a room 
thermostat and a limit control which is some form of an aquastat. 
The latter prevents fan operation when the temperature of water 
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(either condensed steam or other cooled water) leaving the heater is 
low. Such restriction of the fan rotation prevents cool air from being 
discharged into a space when its room thermostat makes a demand for 
heat. Other modifications of the control arrangement include placing 
a thermostatically operated valve in the heating-medium supply line. 
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(c) Night setback circuit using solenoid gas valve 


id) Light-duty line-voltage thermostat 
with unit heater 
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or gravity warm-air system 

{While~Rodgers Electric Co. and Penn Electric Switch Co.) 

Fig. 373. Typical wiring connections for automatic controls. 


Examples a, b, c, and e of Fig. 373 have some form of limit control 
as a safety feature. With steam boilers the device is usually a pressure- 
actuated switch; hot-water boilers have the maximum outlet-water 
temperature regulated by an aquastat (either a surface or an immer¬ 
sion thermostat); and in warm-air furnaces the maximum tempera- 
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tures of the air leaving their casing plenums are held to reasonable 
values by insertion thermostats placed in the air stream. The oil 
burner has a protective device, the stack switch, which prevents fuel 
from being fed to a furnace without being burned. The safety pilot 
control, included in example c of Fig. 373, functions to prevent the 
solenoid valve from passing gas to the main bio-ner when the lighter 
flame is extinguished. The stoker installation, (;ase b of Fig. 373, 
includes equipment to cause fuel to be fed to the furnace, for short 
intervals, irrespective of the demands for heat in order that the fire 
will not burn out. The illiist^ )tions of the oil-burner and the gas- 
burner hookups include arrangements \vhereby se.ba(^k of air tempera¬ 
tures may be had at desired Intervals; this feature is possible with all 
the examples shown, pro\ id^^.d that the proper equipment is included. 
Case by of Fig. 373, provides for the operation of a water circulator 
independently of the stoker. When mechanical warm-air furnaces 
are operated a second thermal element of the bonnet-limit controls 
prevents operation of the system fan until the outlet-air temperature 
is equal to or above a certain prescribed minimum value. This fea¬ 
ture prevents the fan from discharging air of insufficient temperature 
into the spaces which are to be heated. 

A summation of prior statements leads to the following. (1) All 
steam boilers require some form of pressure-actuated control (see 
Figs. 120 and 373). (2) All hot-water boilers need some form of an 

aquastat (see Figs. 120 and 373) to control the outlet water tempera¬ 
ture. (3) Stokers need a hold-fire device, gas burners require a safety 
pilot, and oil burners necessitate a stack switch or other device to 
prevent operation when combustion is not taking place. The items 
are in addition to the requirements given by statements 1 and 2. 
(4) Gravity-flow warm-air furnaces should have a bonnet control; all 
mechanical installations require a limit control to prevent excessive 
air temperatures and to provide for a minimum air temperature below 
which the system air blower cannot be started. Forced-circulation 
hot-water systems require the automatic operation of the circulator. 

Thermostatic elements incorporated as parts of radiator supply 
valves have applications as explained in Art. 442. The balancing of 
and the regulation of the heat outputs of steam radiators, with resultant 
fuel savings, may be obtained by the use of orifices as indicated in 
Art. 229. Balancing of hot-water heating systems and regulation of 
their radiators are also effected by the use of either orifices or restrictor 
fittings placed at proper locations. 

Satisfactory air-temperature control within a structure is often 
accomplished by dividing the building into zones wherein various 
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devices function in each section independently of those in other spaces. 
Dual control of heating systems may be had by the use of both indoor 
and outdoor thermostatic elements so placed that the output of a 
plant or sections of it may be modified as weather conditions change. 

444. Zone Control. Automatic regulation of the air temperature 
in each space division of a building may require considerable equip¬ 
ment with its attendant initial costs. Satisfactory air-temperature 
control in all the spaces of a building by means of a single thermostat, 
located in a representative key room, is almost impossible of attain¬ 
ment. The situation exists because of the nature of the building 
occupancy; the varied air-temperature requirements of the occupants; 
the building construction; exposures of the sides of the structure; wind 
velocities and directions; outside-air temperatures; and the varying 
effects of solar radiation depending upon the season of the year, the 
time of the day, and atmospheric conditions. 

Therefore, for the purposes of air-temperature regulation, it becomes 
desirable to divide buildings into zones, each of which is separately 
controlled and is provided w'ith the necessary arrangements of piping 
and duct work for any steam, hot-water, panel-heating, or forccd-air- 
circulation heating system. Although zone control is usually given 
most attention in multistory buildings and industrial structures spread 
over considerable ground areas, it is sometimes possible to secure 
beneficial results in comparatively small residences by its use. The 
possibilities of zoning a multistory building are indicated by the 
example of Fig. 374; here space divisions are made along both hori¬ 
zontal and vertical planes, and the steam pressures maintained in the 
piping of the various sections are under control of thermostats serving 
them. 

445. Combinations of Indoor and Outdoor Thermostats. All such 
arrangements have an outdoor thermostatic element which is properly 
placed and shielded from the sun. This element may be either a 
resistance coil of fine wire, a bimetal part in combination with a 
resistance coil, or a liquid-filled bulb connected by a small flexible tube 
to the system. The outside element is affected by the temperature of 
the air surrounding it, by wind, and by other weather conditions. In 
a wire coil a change of temperature affects its electrical resistance and 
the amount of current flowing in its circuit; the liquid-filled bulbs have 
expansion or contraction of their fluid as the conditions of their 
exposure vary. 

The essential parts of a system of inside-outside thermostatic con¬ 
trol is shown, in connection with a differential-vacuum heating system, 
by Fig. 164. The outside resistance coil is located within the window- 
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mounted automatic selector and functions to indicate the demand for 
heat. Two resistance coils are placed within the heat balancer; one 
above and one below its air-heating surface. They measure the 
average temperature ot the air as it enters and leaves the balancer. 



The average air-temperature difference is a measure of the heat 
supply. The room resistance thermometer is a limit control the 
action of which is explained later. 

The actions of the resistance coils are transmitted by the amount of 
current flowing through them to the main control panel which contains 
Wheatstone-bridge circuits in combination with a galvanometer and 
a relay. The galvanometer and the relay combination (galvarelay) 
are separately housed within the control panel. When the master 
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switch is at its control station a feeler bar of the galvarelay is operated 
by a solenoid and a synchronous motor to determine at frequent 
intervals whether the feeler is at its central position or is deflected to 
one side or the other. Deflection to the right indicates a demand for 
heat, and a relay is closed to cause the main-control valve in the steam 
supply line to be opened a small amount. Deflection to the left occurs 
when the heat supply is above the demands, and a relay is closed to 
effect a closure of the control valve. When the supply of and the 
demand for heat are balanced no relay contact is made and the posi¬ 
tion of the control valve remains unchanged. Thus the galvanometer 
determines the balance between the heat supply and the demands 
for it and through the relay governs the opening or closing of the steam 
valve by small increments. The room resistance thermometer checks 
the demand for heat against the supply provided by the action of the 
steam valve. When the measured temperature is high the relay 
closes the valve only; it cannot open it. If the room temperature is 
low the room resistance thermometer acting through the remainder 
of the control causes the relay to open the steam valve; it cannot close 
it. Thus the room resistance thermometer serves to limit the actions 
of the selector and the heat balancer. 

Depending upon the demands for heat the control valve may be 
fully open, fully closed, or in some intermediate position of opening. 
The differential controller is used to start and stop the vacuum pump, 
and its operation is governed by the pressure differential between the 
steam-supply main and the return piping. When a building is zoned 
one such control system is required for each section of the structure. 

The Johnson Electronic Duo-Stat functions in somewhat similar 
manner as the Dunham control. Coils of resistance wire placed in 
sealed tubes are used as the heat-sensitive elements. The outdoor 
coil, properly shielded from the sun, is located close to a wall surface. 
Inside the building resistance coils ranging from 1 to 4 in number 
may be used. With steam and forced-circulation hot-water radiators 
one heat-disseminator unit has three or four resistance coils clamped 
firmly, at different locations, to its exposed surfaces. With gravity- 
flow hot-water plants one bulb is fastened firmly against a bare sur¬ 
face of a pipe in a supply main. Furnace systems have a bulb loca¬ 
tion within a supply duct conveying warmed air. All resistance coils 
are connected in series, and as their temperatures vary changes of 
voltage intensity are transmitted to the main controller. The con¬ 
troller is an electronic device having two duo-triode vacuum tubes for 
amplification purposes and also a Wheatstone bridge. The series- 
connected coils form one arm of the Wheatstone bridge. When the 
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bridge is out ol balance, because of cooling of the thermostatic ele¬ 
ments, a small alternating signal voltage flows in the bridge galvanom¬ 
eter circuit and thence to three stages of amplification produced by the 
two vacuum tubes. The first two stages of amplification are provided 
by one tube and the third by the second tube. The first three plates 
of the two tubes are supplied with direct-current potential by the 
remaining plate of the second tube which serves as a half-wave recti¬ 
fier. A special built-in transformer provides alternating-current power 
for the amplifier and the bridge circuit. Cooling of the outside coil 
reduces its resistance, and bri ige is thrown out of balance. This 
condition causes a small signal voltage to flo\» to the tubes where it is 
amplified sufficiently to operalc the control relay and thereby operate 
a device to supply hert. Heating tiie indoor resistance coils increases 
their opposition to any current flow, and the bridge is brought into 
balance. With this condition the amplifier receives no signal voltage; 
thus the control relay moves a controlling device to turn off the heat 
supply. With this scheme of operation the temperature at which the 
heating plant is to operate is determined by the outdoor temperature. 
This particular device may operate the valve in the steam-supply line 
serving radiators fitted with inlet orifices, and it may operate automatic 
fuel-burning devices, water circulators, and blowers. 

The Electric Duo-Stat, without electronic equipment, actuates elec¬ 
trically operated valves to give satisfactory control but does not have 
the flexibility that may be secured with the apparatus just described. 
The Pneumatic Duo-Stat is equipped with thermostatic bulbs with 
flexible connecting tubing. Bulb locations may be as given for resist¬ 
ance coils. The action is to operate a pneumatic relay which varies 
the pressure of compressed air in the branch lines serving controlled 
devices; the controlled valves and other appliances of equipment 
respond to the demands made. 

Webster Moderator E Series controls employ a shielded outside 
thermostat made up of a flat coil of bimetal material and a wound 
resistance over which the element moves a contact arm. The EH-10 
series of controls have liquid-filled outdoor thermostatic bulbs in con¬ 
nection with small flexible connecting tubing. Neither the E nor 
the EH Series units have an indoor thermostatic element. The fol¬ 
lowing descriptions are pertinent to the E-5 and E-6 units. 

Essential parts of the Moderator System are the outside thermostat, 
the variator, the cont.rol cabinet, the main steam-supply control valve, 
an orifice in each steam-radiator inlet (sometimes the orifice placement 
may be in a steam main), and a transformer to step the electrical service 
potential down from 115 to 25 volts for use in the control panel and 
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with the motorized valves, etc. The first three parts listed work 
together to position the control valve to give the proper amount of 
steam required for the building heating. 

The outside thermostat is enclosed within a metal casing which is 
further housed within a sun shield. This arrangement is made so that 
air may circulate between the inner casing and the sun shield. One 
end of the flat bimetal coil is rigidly fastened; its other end is attached 
to a shaft which it rotates as temperature changes occur. The shaft 
has a contact arm attached to it which is moved over the wound wire 
coil to vary its effective resistance as air-temperature changes occur. 
The contact arm has a pointer which indicates, on a scale graduated 
in degrees, the existing outside-air temperature. With the control 
switch closed, the variator position at normal, and the contact-arm 
position at 70 F or higher the steam-supply control valve is closed. 

The variator is used as a means of hand modification of the amount 
of steam admitted to the heating system. With the E-5 control the 
variator is mounted within a separate cabinet placed at any con¬ 
venient location; with the K-6 installations the variator is placed on 
the door of the main-control cabinet. The variator has a variable 
resistor. An external knob placed on the end of a shaft, which carries 
a contact arm, permits rotation of the shaft through an arc of 180 deg 
to change the resistance of the circuit in which it is placed. The 
resistor is connected to a terminal board by three wires. A three- 
position switch mounted above the knob may be used to give the fol¬ 
lowing operating conditions: (1) no heat with the steam-supply valve 
closed, (2) full automatic heating with the outside thermostat in opera¬ 
tion, and (3) full heat which gives opening of the steam valve to provide 
the full amount of steam for the base outside temperature when the 
variator is set at normal. These setting positions permit (1) shutoff 
of steam at night or other periods, (2) full automatic operation of the 
plant, or (3) extra steam or heat during warm-up periods. 

The control cabinet houses an insulated panel upon which are 
mounted a special U tube containing mercury and oil and a subpanel 
bearing an electronic-control unit. Included also are terminals, 
jumpers, and wiring. The U tube embodies a vertical transparent 
tube which contains an electrical resistance of wire wound upon a 
rod of insulating material. Connection from a steam-supply main is 
made to a mercury reservoir which is further connected to the bot¬ 
tom of the transparent tube. At the top of the transparent tube is 
a reservoir containing oil. A connection with this well is made to a 
return main when such is a part of the heating system; with open 
heating systems the oil well is freely vented to the atmosphere. The 



SAVINGS PRODUCED BY AIR-TEMPERATURE REGULATION 643 


function of the oil, which rests on the top of mercury within the tube, 
is to keep the mercury and the transparent tube clean; the oil well 
serves as a storage space for its fluid. Variations of the steam-pressure 
differential cause the mercury to rise and fall within the transparent 
tube and thus change the effective resistance of its wound coil. The 
electronic control unit has a vacuum-tnbe amplifier, two relays, and 
three legs of a bridge circuit. Energizhig power is received from the 
transformer. The resistance of the outdoor thermostat, the variable 
resistance of the transpaient tube, and the variator resistance are 
connected in series to form the U urth leg of the bridge. A correct 
total resistance m the fourth 'eg '.r the bridge causes it to be balanced 
with no voltage applied 1o the input of the electronic amplifier; con¬ 
sequently neither aiupliil-.M’ output r day is energized, and the contacts 
stand at neutral with no current flowing in the motor being controlled. 
A change of temperature conditions will cause the bridge to become 
unbalanced; thereupon one or the other of the relays will become 
energized, and the control functions to correct conditions. 

With an outside temperature of 70 F, the thermostat resistance is 
zero, the U-tube resistance maximum, the bridge balanced with the 
right-hand relay energized, the steam valve (dosed, and the motor is 
idle. A drop of the outdoor temperature causes the arm of the thermo¬ 
stat to add resistance and unbalance the bridge to de-energize the 
right-hand relay and to energize the left-hand relay so that the motor 
opens the steam valve. As a result of pressure-differential increase in 
the system, mercury rising in the transparent tube cuts out resistance 
until the bridge goes through balance to unbalance in the opposite 
direction. The results are: the right-hand relay is energized, the left- 
hand relay is de-energized, the motor is reversed to close the valve, 
and the pressure differential is decreased. As the mercury column 
begins to fall the system again passes through balance. The motor 
reversal is repeated as the system seeks for a balance. Oscillation 
stops when the correct pressure differential is secured to cause the 
proper amount of heat to be supplied to care for increased demands; 
when this occurs the valve position and the pressure differential remain 
unchanged until variations of outside-air temperature occasion dif¬ 
ferent demands for heat. 

446. Savings Produced by Air-Temperature Regulation. The 

effects of the installation and operation of control systems together 
with those resulting from any attendant changes in the equipment of 
existing buildings are given by the data^ of Table 131. Several fac- 

2 “Heat Requirements of Buildings,” by J. H. Walker and G. H. Tuttle, ASHVE 
Trans., Vol. 41, 1936. 
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TABLE 131 

Building Steam Consumption with and without Air-Temperature Control 

Equipment 


Type of Control 

Number 

of 

Build- 

Steam For 
Heating, Lb per 
Deg Day 

Savings, 

Per 

(Vnt 


ings 

Before 

After 

1. Subatmosplieric pressure system 

5 

1720 

1450 

15.7 

2. Orifice system controlled by an outdoor 
thermostat 

2 

2039 

1600 

21.6 

3. Orifice system controlled by a group of 
outdoor thermostats 

1 

4580 

4255 

12.2 

4. Orifice system, manual control 

3 

7930 

6750 

14.9 

6. Orifice system, electric zone control 

2 

4110 

4025 

2.1 

6. Intermittent control, electric timer 

5 

1340 

1200 

10.4 

7. Intermittent control, actuated by out¬ 
door and radiator temperatures 

14 

772 

623 

19.3 

8. Central thermostat 

19 

776 

585 

24.6 


tors may have produced the reported savings, but the results indicatii 
in a comparative way what may be accomplished. 

The fuel savings that may be secured by reductions of air tempera¬ 
tures by either manually or clock-adjusted thermostats are dependent 
to a large extent upon local conditions. Involved are the size of the 
structure, its construction, exposures, and installed equipment. Resi¬ 
dences provided with well-insulated walls and ceilings below attic 
spaces and fitted with either weather stripping or with storm sash 
and doors, to reduce glass and infiltration losses, will show lower 
savings in fuel consumption than those structures having poor-wall 
construction, large single-thickness glass areas, with heavy infiltration 
and exfiltration of air about windows and doors as well as through 
other cracks. The amount of air-temperature reduction involved, 
the period of reduced air temperatures, the warm-up period permissi¬ 
ble, the nature of the space occupancy, the type of the heating plant 
and its installed equipment, and the fuel used as well as its method of 
burning have an influence on the results obtained. 

Test results have been obtained, at the well-insulated weather- 
stripped I = B == R Research Home at the University of Illinois, relative 
to the effects of operation with reduced-air temperatures, throughout 
periods of thermostat night-setback during the heating season. 
The Research Home tests involved the use of an oil-fired, forced-cir- 
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dilation, one-main, hot-water heating system. The tests* were made 
with the heating plant operating with and without a flow-control 
valve near the boiler-water outlet and a low-limit aquastat placed in 
the rear section of the cast-iron boiler about 26 in. above the bottoms 
of the water legs. 

When the beating system was fitted with a flow-control valve and 
an aquastat to maintain a minimum boiler-water temperature of 165 F, 
the thermostat was set at 66 F at 10:30 p.ivt. and reset at 5:30 a.m. each 
day. A saving of apprG7<imately 10 per cent was secured in the sea¬ 
sonal fuel consumption ai d burner operating time together with a 
reduction of the operating time of the cir^vulator of approximately 
5.5 per cent. Without Uic flow-control valve and the low-limit 
aquastat only slight sav^lngs in the burner and circulator operating 
times and in the consumption of fuel per heating season were secured. 
The latter method of plaiit operation required longer warm-up periods 
during the morning than when a flow control valve and an aquastat 
were in use. The added losses during the longer warm-up periods 
tended to offset savings due to the night setbacks. Night reduction 
of inside-air temperatures had no effect on temperature conditions in 
the house during the day exclusive of those during the morning 
warm-ups when over-runs of from 2 to 5 F were observed at the ceiling 
level with none at the 30-in level. During average winter weather 
the maximum drop of indoor temperature was 6 F during the 7.5-hr 
period of night setback of the thermostat. 

The curves of Fig. 375 give the steam consumption of an office 
building, supplied with steam from the mains of a district-heating 
utility, during two 24-hr periods. The conditions of operation were 
without and with reduction of the building air temperatures during 
a night period by shutoff of the building steam supply. The steam- 
radiator surface of the structure was sufficient to bring the building 
air temperatures to a satisfactory level within a reasonable period of 
time after the use of steam was resumed. Identical operating condi¬ 
tions are difficult to obtain during two 24-hr periods of building heat¬ 
ing. According to the data of Fig. 375 the chief difference in the 
operating conditions, during the two 24-hr periods, was the direction 
of the wind and its mean velocity. The time interval during which the 
steam was shut off was somewhat favored with a lower average wind 
velocity. The saving in the consumption of steam, by the shutting off 
of the steam supply, was [(29,170 — 15,000) 100]/29,170 = 48.5 per 

* Operation of the Research Home with Reduced Room Temperature at 
Night,” by A. P. Kratz, W. S. Harris, and M. K. Fahnestock, ASHVE, Trans. 
Vol. 49, 1943. 
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cent, which is for one day and does not represent the average for a 
heating season. 

Important savings in either the fuel requirements of isolated plants 
or in the amount of purchased steam may be obtained by night set¬ 
back operation, the extent of which is dependent upon the minimum 
practical night temperature and the hours of occupancy. The 
restoration of a normal daytime temperature required a peak load of 
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Fig. 375. Steam consumption of a building with and without night shut-off. 


1850 lb of steam per hr, following night shut off, as indicated by the 
right-hand steam-consumption curve of Fig. 375, while with continuous 
steam consumption the morning peak load was 1780 lb per hr as indi¬ 
cated by the left-hand curve. These items are an indication of plant- 
capacity requirements and tend to bear out the fact that small isolated 
plants may require a considerable time of operation with heavy over¬ 
loads and possibly reduced efficiency of operation to restore normal 
conditions. However, the situation is generally such that all savings 
produced by operation with periods of reduced air temperatures are 
not lost. 
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TABLE 132 


Areas and Circumferences of Circles 


Diam¬ 

eter 

Area 

Circum¬ 

ference 

Diam¬ 

eter 

Area 

Circum¬ 

ference 

Diam¬ 

eter 

Area 

Circum¬ 

ference 

Vs 

0.0123 

.3927 

16 

201.00 

50.205 

54 

2290.2 

169.646 

H 

0.0491 

.7854 

y 

213.82 

51.836 

55 

2375.8 

172.788 


0.1104 

1.1781 

17 

226.98 

53 407 

56 

2463.0 

175.929 


0.1963 

1,6708 


240.52 

54.978 

57 

2551.7 

179.071 

ys 

0.3067 

1.9635 

18 

254 46 

56.549 

58 

2642.0 

182.212 

% 

0.4417 

2.3562 

/’A 

?r...8t 

58.119 

59 

2733.9 

135.354 

H 

0.6013 

2.7489 

19 

283.52 

59.690 

60 

2827.4 

188.496 

1 

0.78541 

3.1416 

y 

298.64 

61.261 

61 

2922.4 

191.637 

Vi 

0,9940 

3.5343 

20 

314.16 

62.832 

62 

3019.0 

194.779 

14 

1.227 

3.92V0 


330.06 

64.403 

63 

3117.2 

197.920 

Vs 

1.484 

4.3197 

21 

346.36 

65.973 

64 

3216.9 

201.062 

Vi 

1.767 

4.7124 


363.05 

67.544 

65 

3318.3 

204.204 



6.1051 

22 

380.13 

69.115 

66 

3421.2 

207.345 

H 


5.4978 


397.60 

70.686 

67 

3525.6 

210.487 

Vb 

2.761 

5.8905 

23 

415.47 

72.257 

68 

3631.6 

213.628 

2 

3.141 

6.2832 


433.73 

73.827 

69 

3739.2 

216.770 

H 

3.976 

7.0686 

24 

452.39 

75.398 

70 

3848.4 

219.911 

H 


7.8540 

y 

471.43 

76.969 

71 

3959.2 

223.053 

y 


8.6394 

25 

490.87 

78.540 

72 

4071.5 

226.195 

3 


9.4248 

26 

530.93 

81.681 

73 

4185.3 

229.336 


8.295 

10.210 

27 

572.55 

84.823 

74 

4300.8 

232.478 



10.996 

28 

615.75 

87.965 

75 

4417.8 

235.619 

H 

11.044 

11.781 

29 

600.52 

91.106 

76 

4536.4 

238.761 

4 

12.566 

12.566 

30 

706.86 

94.248 

77 

4656.0 

241.903 



14.137 

31 

764.76 

97.389 

78 

4778.3 

245.044 

5 


15.708 

32 

804.24 

100.531 

79 

4901.6 

248.186 


23.758 

17.279 

33 

865.30 

103.673 

80 

5026.5 

251.327 

6 

28.274 

18.850 

34 

907.92 

106.814 

81 

5153.0 

254.469 


33.183 

20.429 

35 

962.11 

109.956 

82 

5281.0 

257.611 

7 

38.484 

21.991 

36 

1017.8 

113.097 

83 

5410.6 

260.752 


44.178 

23.562 

37 

1075.2 

116.239 

84 

5541.7 

263.894 

8 


25.133 

38 

1134.1 

119.381 

85 

5674.5 

267.035 


56.745 

26.704 

39 

1194.5 

122.522 

86 

5808.8 

270.177 

9 

63.617 

28.274 

40 

1256.6 

125.664 

87 

5944.6 

273.319 

y2 


29.845 

41 

1320.2 

128.805 

88 

6082.1 

276.460 

10 

78.54 

31.416 

42 

1386.4 

131.947 

89 

6221.1 

279.602 

¥2 

86.59 

32.987 

43 

1452.2 

135.088 

90 

6361.7 

282.743 

11 


34.558 

44 

1620.5 

138.230 

91 

6503.8 

285.885 


103.86 

36.128 

45 

1590.4 

141.372 

92 

6647.6 

289.027 

12 

113.09 

37.699 

46 

1661.9 

144.513 

93 

6792.9 

292.168 


122.71 

39.270 

47 

1734.9 

147.655 

94 

6939.7 

295.310 

13 

132.73 

40.841 

48 

1809.6 

150.796 

95 

7088.2 

298.451 


143.13 

42.412 

49 

1885.7 

153.938 

96 

7238.2 

301.593 

14 

153.93 

43.982 

50 

1963.6 

157.080 

97 

7389.8 

304.734 


165.13 

45.553 

51 

2042.8 

160.221 

98 

7542.9 

307.876 

16 

176.71 

47.124 

52 

2123.7 

163.363 

99 

7697.7 

311.018 


188.69 

48.695 

53 

2206.1 

166.504 

100 

7854.0 

314.160 
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TABLE 133 

Symbols for Drawings—Ductwork, Dampers, Grilles, and Connections 


Duct (first figure, width. 

12* 

20 

3 

second, depth) 

Direction of flow ^ 

-- 

3 

Inclined drop in respect ^ 

•" IlfL— 

ittr 


3 

10 air now 

Inclined rise in respect ^ 

nc 


3 


Volume damper 


Supply-duct section 
Exhaust-duct section 


13^ ^, —12x20 
12x20 

Recirculation-duct section ■ 12x20 

Fresh-air duct section 


Other-ducts section 

Register 

Grille 


1^20*12-700 cfm 
VTG 20*12-700 cfm 



i ^ 


^Plan 




Elevation 




iJ 


. . ' 12*20 

-(Label) 

Kitchen 
R exhaust 

G 


Deflecting damper, up 
Deflecting damper, down 
Adjustable blank off 


iTR 20-12 


Supply outlet 
Exhaust inlet 
Top register or grille 

Center register or grille |l^|0«12-7OO dm 
Bottom register or grille dS 

Top and ^ttom register 'cfS 

Ceiling register or grille 

^20x12-700 dm 


Vanes 



Louver opening 
Adjustable plaque 




_ P_ 

r-i-'i 


20*12-70 0 cfm 




•P20"* 700 dm 
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TABLE 134 

Symbols for Drawings—Piping, Traps, Valves, and Refrigeration 
Air-Conditioning and Refrigeration Piping 
Brine return 
Brine supply 

Circulating chilled or hot-water flow 
Circulating chilled or hot-water return 
Condenser water flow 
Condenser water return 
Drain 

Humidification line 
Refrigerant, discharge 
Refrigerant, suction 

Heating Piping 

Air-relief line 
Boiler blow-off 
Compressed air 


Condensate or vacuum-pump o. icharge — 
Feedwater pump discharge 
Fuel-oil flow 
Fuel-oil return 
Fuel-oil tank vent 
Hot-water heating supply 
Hot-water return 
Make-up water 
Return, high-pressure 
Lowpressure 
Medium-pressure 
Steam, high-pressure 
Low-pressure 
Medium-pressure 
Fittings 


BR _ 

_^_ Unit heater (centrifugal fan) plan 

- CH - Unit-1 leater (propeller) plan 

Ui«it ventilaLr plan 

- CR — 

- D - Blast, thermostatic 

- H -Boiler retui.i 

- RD - float 

“•“its • ■“ 

■loat and thermostatic 
Scale 

—_Thermostatic 

Valves 

Air eliminator 
Air line 




Elbow 

V 

Elbow, looking down 

Gl- 

Elbow, looking up 

o- 

Flanges 

—Q— 

Tee 

—A— 

Tee, looking down 

—lei— 

Tee, looking up 

—101— 

Screwed union 

—i||i— 


Heat-Transfer Apparatus 
Condenser, evaporative 

Cooling unit, immersion 

Forced convection 
Finned-type natural convection 

Cooling tower 

Heat Interchanger 
Pipe coil 
Radiator, plan 
Wall radiator, plan 
Wall radiator,on ceiling, plan 


— FOF“ 

— FOR — Angle 

FOV Stem perpendicular 

_Check 

_Compressor suction pressure 

limiting, Throttling-type 
(Compressor side) 

Diaphragm 

Evaporator, pressure-regulating, 
thermostatic, throttling-type 

Evaporator, pressure-regulating, 
throttling-type (evaporator side) 

Evaporating, pressure¬ 
regulating, snap action 

Expansion, automatic (a) 
hand (6) thermostatic (c) 

Gate 
Globe 

Hand shut-off, flanged 
Lock and shield 
Reducing pressure 

Solenoid 

Miscellaneous Details 
Compressor 

Condensing unit, air cooled 
Water cooled 

Dryer 

Float, high side 

low side 

Gage 

Switch, pressure with 
high-pressure cut-out 

^ j Strainer 

/ Thermal bulb 
I 1 Thermometer 

' ^ ^ * Thermostat self contained 

I.L.,LL,) Thermostat, with remote bulb 


IE 


Q 


(o) (6) (c) 

-in- 


—IcJcJ)— 


—dZb— 










Index 


Absolute humidity, 28 
Absolute pressure, 2 
Absolute temperature, 5 
Absorbents, use of, 56, 592 
Absorption, delmmidilien^ioii, 6t* 
refrigeration, 50^ 

Action of controls, 611 
Adiabatic saturation, 41 
Adsorption, dehumidification, 55, 566 
Air, analysis, 24 
appraisal of, 74, 442 
changes, iidiltration, 95, 551 
ventilation, 444, 446 
circulation of, 72 
cleaners, 448 
combustion, 134 
compositioti of, 24 
compressor, 630 
cooling, 51-55, 603 -609 
dehumidification, 50-55, 561, 566 
diffusion devices, 436 
distrib\ition, 434 
ducts, construction of, 429 
design of, 427 
insulation, 431 
enthalpy of, 28, 30-33, 36 
ex filtration, 93, 94 
filters, 449-451 
friction in ducts, 417 
humidification of, 45, 159 
humidifier, 45, 49 
infiltration, 93, 95, 98, 551 
ionization of, 444 
jet behavior, 435 
leakage, 93-98, 551 
measurement of velocity, 74, 393 
mixtures with water vapor, 24, 29, 36 
moisture content, 24, 69 
motion, 62, 72 
odors, 442, 446 
outlets, 436 
pressure in ducts, 394 


Air, pr'ssure losses, 117 
propel ties of, 24, 30-32 
recirculation of, 153, 469 
removal, 438, 469 
requiren cuts for ventilation, 444 
saturated, 24, 30-32 
separating tank, 300 
space, 83 

specific heats, 8, 24 
sterilization of, 447 

still, 62 

stratification, 73, 

temperature regulation, savings by, 
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valve for radiators, 308 
velocities, in ducts, 426, 469 
in heati^rs, 477 
in occupied zone, 72 
in stacks, 426 
vent, 292 

ventilation requirements, 444 
vitiation, 24, 442 
volume and weight, 13, 25 
washers, 458, 572 
weight of, as heat carrier, 58 
weight of water vapor to saturate, 26 
Air conditioning, 1, 41-57, 559-609 
advantages of, 1, 584 
applications of all-year, 2, 581 
central systems, all-year, 587 
for summer, 564 
combination of processes, 583 
dampers, use of, 590 
design calculations, 572, 596 
remote room-cooling units, 561 
requirements, summer and winter, 62, 
561, 581 

requirements of machines, 581 
self-contained room-cooling units, 563 
trends in summer, 559 
unit, all-year, 585 
summer, 561-563 
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Air-conditioning, units, 561-568, 585- 
596 

Air-line heating systems, 292 
Allowances, expansion, 11 
exposure, 113 

heat and moisture from appliances, 
520 

intermittent heating, 113 
Altitude gage, 262 
Ammonia, 501-503 
Analysis, of air, 24 
of flue gases, 133 
of fuels, 123 
Anchor, pipe, 327 
Anemometer, hot-wire, 74, 399 
vane, 399 
wheel-type, 398 
Angle valve, 272 
Anthracite coal, 125 
Apparatus dew point, 54, 572, 576 
API gravity, 130 

Appraisal of comfort conditions, 74 
Aquastat, 625 
Areas, of circles, 647 
of pipe fittings, 314 
Artificial drying, 44 
Ash, 123, 124 
Aspect ratio, 438 
Aspirating coils, 463 
Atmospheric pressure, 2 
Atomization of oil, 145 
Attic fans, 559 
Automatic air valves, 308 
Automatic control, of humidity, 626 
of pressure, 438, 614 
of temperature, 611, 614-626 
Automatic stokers, 143 
Awnings, effect of, 537 
Axial-flow fans, 404 

Babcock^s equation, 311 
Bacteria, 444, 447 
Barometer, 2 
Barriers, vapor, 105 
Baseboard heating units, 230 
performances of, 233 
Baseboard registers, 169 
Basement plan, hot-water heating, 358 
steam heating, 323 
warm-air heating, 173, 184 


Basement tank, pressure system, 336 
Bends, pipe, 287 
Bituminous coal, 123, 125 
Blast heaters, 471-486 
air-friction losses, 478 
performances, with steam and water, 
476, 479 
selection of, 484 
water-friction losses, 481 
Blow-through heaters, 471 
Body heat allowances, 67, 547 
Boiler (boilers), 236-265 
capacity, 242 
cast-iron, 239 
classifications, 238 
connections, 287, 323 
dimensions, 244, 250 
down-draft, 239 
draft, 238, 242, 255 
efficiency, 253 
furnace volume, 253 
gas-fired, 151, 260 
grate area, 252 
heating load, 244, 250, 256 
heating surface, 237 
horsepower, 255 
insulation, 242, 283 
output, 253 -255 
performance curves, 255 
ratings of, 242, 244, 249 
round cast-iron, 239 
selec^tion of, 258-260 
square sectional cast-iron, 240 
steam, 236 
steel, 246 
tests of, 253 
types of, 238 

warming-up allowances, 257 
water column, 262 
water heating, 236 
water line, 243 
wet-bottom, 241 

Boiling temperature of water, 14 
Bonnets, furnace, 155, 166 
Boosters, hot-water heating, 342 
Boots, warm-air, 155, 174 
Bourdon gage, 261 
Boyle’s law, 12 
Brackets, pipe, 286 
radiator, 206 
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Brake horsepower, fan, 407, 412 
heat equivalent of, 5 
Branch connections, 325 
Breathing-line temperature, 74 
British thermal unit, Btu, 5 
Building insulation, 103 
Building materials, heat transn.ission 
of, 78-116 

thermal storage in. 102 

Buildings, fuel requirements of, 118 
intermittent heating, 113 
Burners, coal, 143 
conversion, gas, 149 
oil, 145 
Butane, 131 
By-pass factor, 43, 46 
By-pass method in summer cooling, 

569 

(^^abinet radiators, 208 
(calculation and estimation of heat 

gains, 525-558 

CalcMilation and estimation of heat 

losses, 107-116 

C'alctilation of vapor pressures and 

relative humidities, 35 
(calorific values, 124, 126-128, 131 
by formula, 132 
coal, 124 
gas, 130 
oil, 126-128 
Cap, pipe, 270 
Carbon dioxide, 501, 503 
concentration in air, 443 
(Carbon monoxide, 443 
Carrene, 501-503 
Casings, furnace, 154 
Cast-iron boilers, 239 
Cast-iron furnaces, 155 
(>ast-iron pipe fittings, 269 
Cast-iron radiators, 201 
Ceilings, heat transmission of, 92, 546 
Central-fan heating systems, 471-486 
Centrifugal compressors, 508 
(IJentrifugal fans, 400 
(centrifugal separation of dust, 451 
Charles’ law, 12 
Chart, comfort, 63 
effective temperature, 62, 65 
psychrometric, 39 


('heck valve, 275 
Chimney (chimneys), 138 
areas of, 138 
heat lost in gases, 135 
height, 138, 140 
sizes, 140, 141 
ve locity of gas in, 139 
rircless, areas of, 647 
(Hrculalor, hot-water, 342, 355 
se^ectioxi of, 355 
Cleaners, air, 448 
C’.iarance, window sash, 97 
Climatic c( editions in United States, 
108, 526 

Closed-tank hot-water heating systems, 
336 

(cOal, 123 

analysis of, 123, 124 
anthracite, 125 
bituminous, 125 
calorific value, 124 
classification of, 123 
pulverizc*d, 126 
semi-anthracite, 125 
semi-bituminous, 125 
sizes of, 125 

(beks, compression air, 333 
Codes, boiler rating and testing, 242, 
249 

warm-air furnace, 160, 162 
Coefficient, of heat transmission, 78 
building walls, 89-93 
by calculation, 81-93 
by test, 79 
combination, 93 
of infiltration, 102 
of performance, 498 
of surface, 81 

Coils, cooling, 51, 568, 606 
direct-expansion, 514 
evaporator, 497 
heating, 472 

most economical use of, 579 
pipe, 209 
preheater, 459 
reheater, 460, 569 
selection of, cooling, 603 
heating, 459 
Coke, 126 
Ck)ke-oven gas, 130 
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Cold, effects on human body, 67 
Cold-air ducts, 164 
Combination systems, 465 
Combustion, 132 
air required for, 134 
Combustion chamber, 156 
Comfort, 62 
chart, 63 

conditions, appraisal of, 74 
effective temperature, 62, 65 
factors affecting, 62-77 
Composition, air, 24 
water, 13 

Compression air cock, 333 
Compressors, air, 630 
centrifugal, 508 
piston, 507 

Concealed radiators, 222 
Condensation, meter, 329 
return pump, 295 
Condensers, refrigeration, 510 
Conductance, air space, 88 
building materials, 87, 88 
heat, 83 
insulation, 87 
surface or film, 83 
Conduction of heat, 9 
Conductivity, thermal, 9, 86, 87 
Conduit, pipe, 327 
Connections, for boilers, 287, 360 
Hartford loop, 289 
radiators, 325 
Constants, gas law, 12 
Controls, automatic, 611-646 
electronic, 640 

hot-water heating systems, 625, 636 
humidity, 626 
necessity for, 611 
pressure, 438 

steam-heating systems, 612, 633, 63< 
stokers, 145, 636 
temperature, 614-626, 636, 638 
unit heaters, 493, 637 
warm-air furnaces, 611, 625, 636 
Convection, heat transfer, 9 
Convectors, 222 
control of, 225 
dimensions of, 228 
enclosures, 223, 227 
heat emission of, 226 


Convectors, rating corrections, 226 
ratings of, 226 
types, 223 
uses of, 225 

Conversion burners, 145-150 
Cooling, evaporative, 43 
for comfort, 51-55, 559-609 
Cooling coils, selection of, 603 
Cooling load, 525-558 
calculations, example of, 52-55, 554 
components of, 525 
design temperatures, inside and out¬ 
side, 526-528 
estimation of, 533, 554 
survey, 554 

units, remote room, 561 
self-contained room, 563 
Cooling towers, 511 
Coverings, boiler, 242, 283 
pipe, 282 

Crack, window, 97, 101 

Critical velocity in steam pipes, 315 

Dalton’s law, 26 
Decalorator, 505 
Decibel, 432 
Declination of sun, 536 
Degree day, 118 

Dehumidification of air, 50, 566, 572 
apparatus for, absorption or adsorp¬ 
tion, 566 

by cooling, 51, 563 -566, 585-592 
methods of, 50-56, 561, 566, 592 
Density, 12, 16 
of air, 13 

of saturated vapor, 16 
of water, 14 

Design temperature, 110 
dry-bulb, 112, 526, 582 
wet-bulb, 526, 528 
Dew-point temperature, 25 
apparatus, 54, 572, 576 
Diaphragm and motor valves, 631 
Dichlorodifluoromethane, 501-503 
Differential vacuum heating, 302 
Diffusers, air, 436 
Dimensions of convectors, 228 
Direct-expansion coils, 514 
Direct-indirect radiators, 201 
Direct radiators, 201 



INDEX 


Dirt pockets, 299, 325 
Disc fans, 404 
Dissemination of heat, 9 
District heating, 324 
Divertor, draft, 149 
Down-feed, hot-water heating systems, 
333 

steam-heating systems, 292 
Downward system of veiitilatio.i, 467 
Draft, 137 
divertor, 149 
requirements, !137 
Drawing symbols, 174, 6i8, 649 
Drawings for plans, 173, 18^!, 322 
l>aw-through blast hestcr, !71 
Dry-bulb temperature, 2l , li2, 526, 582 
optimum temperature and relative 
humidity for industrial processes, 
582 

Dry rettirn, 294 
Drying of materials, 44 
Duct (ducts), construction of, 429 
(!ross-sectional area of, 393 
design of, 427 
equivalent sizes, 418, 420 
individual, 425 
insulation, 431 
leakage, 554 
metal gage, 430 
recirculating, 154 
trunk line, 425 
velocities in, 426 

velocity measurement in, 395, 397, 
399 

warm-air, 167, 168, 177, 189 
Dust, 443 
counts, 444 

dynamic precipitation of, 451 
removal of, 448-456 

Edr, equivalent direct radiation, 203 
Effect of system resistance, fans, 410 
Effective temperature, 62, 65 
Ejector system of ventilation, 468 
Elbow equivalents, air ducts, 422 
hot-water pipes, 345 
steam pipes, 313 
Elbows, cast-iron, 270, 271, 273 
copper, 278 
welding of, 275 
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Electrical heating, heat equivalents, 5, 
548 

with hot water, 360 
Electrical precipitation of dust, 453 
Electronic controls, 640 
Eliminator, air, 298 
Ellison g..g(‘, 137 

Eniiocjivity factors for heat from sur¬ 
faces, 379 

Enclosures, convector, 223 
effect of radiator, 220 
I radiator, 220 
Energy, 3 

balances in steady-flow processes, 5 
Enthalpy, 7, 14-21, 28, 36 
ICntrance losses, 312, 343, 422 
Equivalent, direct radiation, 204 

elbows, tor copper and iron tees, 345 
in air ducts, 422 
in steam pipes, 313 
evaporation, 256 
length of pipe, 312 
mechanical, of heat, 5 
wind velocities, 94 
Estimating fuel consumption, 118 
Eupatheoscope, 75 
Evaporation, equivalent, 256 
from human body, 67, 549 
heat of, 15 

Evaporative cooling, 43, 572 
Evaporator, 497, 514 
Exfiltration, 94 
Expansion, coefficients of, 11 
Expansion joints, 287, 327 
Expansion tanks, 334, 338 
Expansion valves, 512 
Exposure factors, 113 
Extended surface radiator, 210 

Factor, of evaporation, 256 
sensible heat, 46 
Fan (fans), 400-417 
air horsepower, 406 
attic, 559 
axial-flow, 404 
blades, 402 

brake horsepower, 407, 411-413 
centrifugal, 400 
characteristics of, 409 
designation of. 403 
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Fan (fans), dimensions, 414, 416 
effects of system resistance on, 410 
efficiency of, 407 
laws, 416 
multiblade, 401 
performance of, 408 
propeller or disc, 404 
ratings, 411-415 
selection of, 427 
static efficiency, 407 
systems of heating, 471-486 
tables for, 411 
total efficiency, 407 
types of, 400-404 
warm-air furnace, 195 
Fan-coil heating systems, 471-486 
Feeder, boiler water, 263 
Filters, air, 449 

Finishes, effects on direct radiators, 218 
Firing period, boiler, 255 
Fittings (pipe), 269 
areas of, 314 
cast-iron, 270, 271, 273 
copper, compression, 280 
flare, 280 
solder, 278, 279 
equivalents of, 313, 345 
flanged, 272 
lift, 300 
screwed, 269 

transition, 174, 180, 181, 190 
welding, 275, 276 
Flanges, pipe, 272 

Floors and roofs, heat transmission of, 
92, 110, 116 
Flow-control valve, 360 
Flow of air, in pipes and ducts, 393-400 
measurement of, 395-400 
Flow of steam through pipes, 311 
Flow fittings, hot-water, 358 
Flue gases, analyses of, 133 
composition of, 134 
weight and volume of, 134 
Flue linings, chimney, 142 
Flue size and chimney height, 138-141 
Flues with aspirating coils, 463 
Foot-pound, 3 
Free area, of heater, 475 
of register, 425 
Freon, 501-W3 


Fresh air requirements, 444, 470 
Friction head, in air-duct elbows, 422 
in ducts, 417 

in hot-water system, 343, 346 
Friction losses, in air ducts, 417 
in hot-water piping, 343, 346 
in steam piping, 311 
Fuel consumption, 118 
Fuel (fuels), classification of, 123 
gaseous, 130 
heating value of, 131 
oils, 126 
solid, 123 

Furnace capacity, warm-air, 156, 159, 
164 

Furnace systems, combinations of stand¬ 
ard parts, 172-180 
design, of 172 
gravity, 153-168 
mechanical, 153, 158, 162, 168 

capacity tables of ducts, 181, 189 
design of, 181 
Furnaces, bonnets, 166 
cast-iron, 155 
efficiencies of, 156, 158 
floor, 197 

forced circulation, 153, 158 
gas, 163, 165 
piped, 154 
pipeless, 196 

rating codes, warm-air, 159, 162 
sizes, 159 
steel, 156, 162 

Gages, altitude, 262 
draft, 137 

pressure and vacuum, 261 
Gains, heat and moisture, 547 
Gas analyzer, Orsat, 133 
Gas boilers, 149 
Gas burners, 149 
Gas constants, 12 
Gas laws, 11 
Gases, fuel, 130 
'perfect, 11 
Gate valves, 272 

Glass blocks, coefficient of heat trans¬ 
mission, 92 

heat gain through, 538, 540 
Globe thermometer, 74 
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Globe valves, 272 

Gradients, temperature, 84, 217, 220 
Grate area, boiler, 252 

ratio to heating surface, 238 
warm-air furnace, 160, 164 
Gravity, indirect radiators, 201 
Grilles, register, 436 
ventilation, 436 
Gun-type oil burner, 148 

Hangers, pipe, 285, 286 
Hartford loop, 280 

Head, available in hot-watei system.s, i 
340 I 

required for natural vci'liL;iion, 463 
Header, boiler, 288 
Heat, 3 

allowances, 113 

carrying capacity, leaders, 168, 175, 
187 

conductance, 83 
conduction, 9 
convection, 9 
definition of, 3 
dissemination of, 9 
emission, from panel surfaces, 379, 
384 

from radiators, 211 
emissivity factors, 379 
equivalents, 5 

exchangers, chilled water, 514 
flow-time relationship, 541, 543 
from motors, 549 
gains, 525 

effect of shading on, 537 
fan work, 554 
from appliances, 548 
from electric motors, 549 
oe.cupants, 67, 549 
outside air, 526, 549 
solar radiation, 529 
through duct walls, 553 
through interior walls, floors, and 
ceilings, 546 

through multiple glass and blocks, 
538 

through outside walls and roofs, 
541 

instantaneous, 534 
latent, 4 


Heat, loss, areas, 79 

by infiltration, 93, 102 
calculation, 107, 114 
from copper tubes, 285 
from pipes, 283 
measurement of, 5 
rc.^ehaiiic'il equivalent of, 5 
meter. Nichols, 80 
of evaporation, 15 
of fusion, 4 
of illuminants, 548 
production and regulation in man, 66 
propagation of, 9 
pump, 515-523 

design of installations, 521 
sensible, 4 

factor, 46, 52, 574, 579 
from people, 69, 71, 549 
solar, 529 
sources, 116, 520 
specific, 7 

transfer blast heaters, 476, 479 
transmission, of building materials, 
78 

coefficients, 78-83, 89-92 
of radiators, 211-214 
utilization and losses in coml)ustion, 
135 

Heaters, air, 471 
blast, eaknilations for, 478 
face and free area of, 473, 475 
friction in, 478 
unit, 486-494 
water, 263 
Heating, 1 

effect of radiators, 217 
fan-coil systems, 471-486 
hot-water, 331-360 
intermittent, 113 

machinery and lights, effects of, 117, 
548 

requirements, 1 
reversed-refrigeration, 515 
apparatus arrangements, 515 
steam, 291-330 
vapor, 296 

warm-air systems, 153-199 
Heating boilers, 236-265 
cast-iron sectional, 239 
classification of, 238 
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Heating boilers, efficiency, 253 
gas burners for, 149 
heating surface, 237 
horsepower, 255 
oil burners for, 145 
output, 253 
ratings, 242, 249 
steel, 249 
stokers for, 143 
tests of, 253 
wet-bottom, 241 

Heating value, by calculation, 132 
of coal, 124 
of fuel gases, 131, 132 
of fuel oils, 127, 128 
Horizontal return-tube boilers, 246 
Horsepower, boiler, 255 
mechanical, 3 
Hot-blast heaters, 471 
finned tube, 472 
performance of, 476, 479 
Hot-box, guarded, 79 
Hot-water heating systems, 331-361 
closed, 336 
design of, 348-360 
forced-circulation, 342 
gravity-flow, 331 
open, 331, 336 
piping, 332, 334, 343-360 
Hot-water radiators, 204 
Human comfort, 62 
Humidification, 45 
moisture required for, 47, 159 
necessity for, 69 
Humidifiers, 45, 49 
Humidifying efficiency, 43 
Humidistat, 626 
Humidity, absolute, 28 
control of, 626 
effect on comfort, 63, 69 
ratio, 28 
relative, 35 
specific, 28 

I=sB = R ratings of cast-iron boilers, 
242 

Indirect heating, 153 
Induction units, 435, 591 
Infiltration of air, 93 
based on air changes, 95 


Infiltration of air, based on cracks, 95 
Injection-type air grille, 436 
Inside air temperatures, 71, 375, 528 
Insulating materials, for buildings, 103 
heat transmission of, 87 
types of, 104 
weights of, 87 
Insulation, pipe, 282 
tests of, 283 

Intermittent heating, 113 
Ionization of air, 444 

Jet behavior, air, 435 
Joints, expansion, 287, 327 

Kata thermometer, 74, 393 

Latent heat, 4 

of water vapor, 15 
leader pipes, 154, 167 

heat-carrying capacity, 167, 175, 187 
sizes of, 167 

leakage of air, 93, 95, 98 
Length of run, equivalent, 313 
Lift fittings, 300 
Lignite, 125 

IJquid-petroleurn gases, 131 
Lithium chloride, 592 
Ix)ad, boiler heating, 256 
cooling, 525 
design, 257 
heating, 257 
radiation, 256 
ratio line, 52, 573, 607 
seasonal and monthly, 117 
lx)sses, entrance, 312, 343, 422 
Ix)w-water alarm, 263 

Mbh, 1000 Btu per hr, 205 
Machinery as a heat source, 548, 549 
Mains, dry-return, 294 
hot-water heating, 331-360 
steam, 291-304 
wet-return, 294 

Mean radiant temperature, 363 
Mechanical equivalent of heat, 5 
Mechanical refrigeration, 497-523 
Mechanical ventilation, 442, 464-469 
Mechanical warm-air furnace, 153, 158, 
162, 168, 181 
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Meters, condensation, 329 
Nicholls heat flow, 80 
steam, 329 

Methyl chloride, 501, 502, 503 
Micron, 443 
Milinch, 340 

Mineral wool insulation, 87 
Mixing calculations, air, 5b 
Mixture, air and water vapor, 24 
Moisture, eliminator, 460 
gain through walls, 553 
loss by human body, 67, 540 
permeability of various inat< rials, 552 
weight from appliances, 54S 
Mole, 12 

Monofluorotrichloronietha: le, 502 
Multiblade fans, 401 

Natural gas, 130 
Natural ventilation, 463 
calculations for, 463 
roof ventilators for, 463 
Nicholls heat meter, 80 
Night air cooling, 559 
Nipples, pipe, 271 
radiator, 203 
Nitrogen, 24 
Noise, control of, 434 
Noise levels, 432 

Odors, 62, 446 
Oil (oils), analyses of, 126 
atomization of, 145 
burning point, 130 
calorific value of, 127, 128 
classification of, 127, 128 
flash point, 130 
fuel, 126 

furna(;e requirements for, 146 
pour point, 130 
specific gravity, 130 
specifications of, 127 
viscosity, 130 
Oil burners, 145 

One-pipe heating systems, down-feed, 
292 

hot-water, 331 
relief, 291 
steam, 292 
up-feed, 292 


One-pipe heating systems, vapor, 296 
Open-tank hot-water systems, 331, 336 
Orifice, hot-water heating systems, 347 
sizes for, 349 

Orifices in steam radiators and con¬ 
vectors, 319 

Or^a+ test apparatus, 133 
Outside air temperatures, 110, 526 
Overhead down-feed heating systems, 
not-watcr, 332, 333 
steam, 292 
0-ygen, 24 
Ozone, 24, ^•±7 

•'‘ainting of radiators, 218 
Panel heating, 363-392 
advantages of, 365 
air vents and expansion tanks, 372 
coil design, 370 

comparison of warm-air panels and 
forced-circulation warm-air sys¬ 
tems, 390 
control of, 373 
definition of, 363 
design of, hot-water panels, 376 
warm-air panels, 389 
disadvantages of, 366 
floor vs. wall panels, 367 
fundamentals of, 363 
heat outputs of panels, 368 
inside vs. outside temperature, 375 
Partial pressures, Dalton’s law, 26, 35 
Per cent saturation of air, 35 
Perfect gases, 11 
laws of, 11 

Performance test curves, of piped 
warm-air furnaces, 156 
of steam heating boiler, 255 
Performance tests of boilers, 253 
Permeability of materials to water 
vapor, 552 

Persons, heat emitted by, 67, 549 
Petroleum oils, 126 
calorific value of, 127, 128 
composition of, 127 
Piezometer, 395 
Pipe (piping), 267 
bare, 284 

capacities for steam, 317 
conduit, 327 
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Pipe (piping), details, 321 
dimensions of, 268 
drawings, 288 
expansion of, 287 
fittings, 269 

hangers and supports, 286 
heat losses from, 283 
hot-water systems, 334, 360 
insulation of, 282 
materials, 267 
pitch of, 286 
sizes of, 268 

for hot-water systems, 346-360 
for steam systems, 317 
steam, 284-289, 315 
symbols, 174, 648, 649 
table, 268 
threads, 269 
tunnels, 326 
vapor heating, 296-299 
weights of, 268 
Pipe-coil radiators, 209 
Pipe traverse with pitot tube, 395-397 
Pipelcss warm-air furnace, 196 
Pitot tube, 395 

Plans, heating, 173, 184, 321, 358 
Plate fan, steel, 401 
Plenum chamber, 426 
Pollution of air, 442 
Portable steel boilers, 249 
Positive-action thermostat, 615 
Positive-return vapor systems, 299 
Pot-type oil burner, 146 
Pour point of oil, 130 
Power, 3 

consumption of fans, 410, 412 
for pumping in hot-water systems, 
356 

Precipitron, 454 
Pressure and altitude gage, 262 
Pressure (pressures), absolute, 2 
barometric, 2 
drop in mains, 315, 317 
fan, 405 
gage, 2 

heads in hot-water systems, 340 
heating boilers, 236 
loss, in air ducts, 417 
in hot-water systems, 343 
in steam piping, 311, 315, 317 


Pressure (pressures), reducing valve, 
281 

static, 394 
total, 394, 405 
velocity, 394 

Pressure systems of hot-water heating, 
336 

no tank, 337 
tank in basement, 336 
Products of combustion, 132 
Propane, 131 
Propeller fans, 404 

Proximate analyses of coals, 123, 124 
Psychrometer, 29, 34 
Psychrometric chart, 39 
Psychrometric data, 30-33 
Pumps, circulating, 355 
condensation, 295 
vacuum, 304 

Quality of steam, 18 
Quantity of air, for ventilation, 444 
heat carrier, 58 

liadiant heating, 363 
Rjidiation, 10 
direct installation of, 213 
from body, 67, 71 
from direct radiators, 211 
of heat, 10 
solar, 529 

Stefan-Boltzmann law, 10 
liadiator (radiators), air valves, 308, 
333 

cabinet, 208 
column, 201 
concealed, 201 
connections, sizes of, 222 
direct, 201 

correction of radiation factors, 214 
dissemination from, 211 
effect of paint on, 218 
enclosures, effects of, 220 
finned-pipe sections, 210 
heat transmission of, 211, 214 
heating effect of, 217 
hot-water, 204 

length, effect on heat transmission, 
214 

location of, 213 
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Radiator (radiators), direct, nipples 
203 

performance of, 211, 214, 217 
pipe coil, 209 
selection of, 213 
testing of, 212 
tubular, 201 

heat transmission o , 211, 214 
volume of, 221 
wall, 205 
weight of, 221 
direct-indirect, 201 
finish on direct, 218 
heating efYecr of, 217 
installation of, 213 
pipe coil, 209 

radiation factors, correction of, 214 
standard, 204, 212 
ratings, 204 

standard dimensions, 203 

tappings, 222 

traps, 307 

tubular, 201 

valves, 300 

wall, 205 

Rfitings, of heating boilers, 242, 245, 
248, 249, 250 

of refrigeration machines, 499 
of warin-air furnaces, 159-100 
Receivers, alternating, 299 
Reciprocating compressors, 507 
Recirculating duct, 154 
Recirculating register, 154. 170 
Recirculation of air, 409 
R(*ctangular ducts, equivalents of, 
418-422 

Reducing fittings, 270, 271, 273, 276 
Refrigerants, comparison of, 500 
Refrigeration, 497-523 
absorption, 504 
compression, 497 
media, 500 
reversed cycle, 515 
steam jet, 505 
water vapor, 505 
Regain, static pressure, 429 
Registers, 169, 170, 189 
boxes, 154, 155, 174, 180, 191 
dimensions of, 177 
recirculating, 154, 170 


Registers, sizes, 177, 189 
temperatures, 153 
warm-air, 169 

Regulators, hot-water tank, 265 
hydraulic-action, 615 
Reheating of air, 46, 569 
Relative h .midity, 34 

ioi.liol uT, 626 

Research, home, 358 
resideiiC“, 198, 387 
Resistance, of building materials, 82 
)f pipe fittings, 312 
to flow in hot-wator systems, 343 
total for fans, 406, 429 
Respiration, effect of, 442, 443 
Return, dry, 294 
piping, 294, 318 
traps, 299 

tubular boiler setting, 246 
wot, 294 

Reversed cycle of refrigeration, 515 
Roof, coefficients of heat transmission, 
92 

solar radiation on, 530, 541 
ventilators, 403 
Round cast-iron boilers, 239 
Round steel boilers, 247 

Safety valve, 261 
Saturated air, 24-33 
Saturated, steam or vapor, 14 
pressure of, 15, 17-20 
weight of, 16 

Saturation of air, adiabatic, 41 
per cent, 35 

SBI ratings of steel boilers, 249 
Schools, ventilation in, 445, 466 
Screwed fittings, 269 
Sectional cast-iron boilers, 239 
Serni-anthracite coal, 125 
Semi-bituminous coal, 125 
Sensible heat, 4 

Sensible-heat factor, SHF, 46, 52, 574, 
579 

Separator, steam, 280 
Setting of boilers, 238, 246 
Sheet metal, gage for ducts, 430 
Shields, effect of, on a direct radiator, 
230 

Shoes, cold air, 154, 181 
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Sigma function, 37 
Silica gel, 55, 566 
Sling psychrometer, 34 
Smoke, 133, 444 
Soft coal, 125 
Sol-air temperature, 531 
Solar radiation, 529 
absorption coefficients, 532 
lag in transmission through walls and 
roofs, 530 

through bare and shaded windows, 
537 

Sorbents, 55 

Spaces, unheated, 93, 110 
Specific gravity, 130 
of oil, 127, 130 
Specific heat, 7 
mean, of air, 8 

of superheated steam, 21 
of water, 8 
of flue gases, 135 
of various substances, 8 
Specific humidity, 28 
Specific volume, air, 13 
saturated steam, 16 
Split system, 464 

Spray chamber, air washer, 458-462 
Spray nozzles, 458-461 
Spray water, cooling of, 51 
heating of, 45 
Stack-leader ratio, 177 
Stacks, warm-air, 154, 177, 189 
Standard codes, boilers, steam, and 
hot-water, 242, 249, 253 
warm-air heating, 160, 162 
Standard pipe, 267 
Standard pipe fittings, 269 
Static pressure, 394 
control in ducts, 438 
regain, 429 

Steady-flow processes, energy balances, 
5 

Steam, 13-22 
density, 16 
enthalpy, 16-21 
flow through pipes, 311 
generation of, 13 
properties of saturated, 14-20 
quality, 16 
saturated, 14 


Steam, specific volume, 16, 17-20 
superheated, 21 
specific heat of, 21 
Steam condensation, radiator, 212 
Steam consumption of buildings, 119 
Steam flow, 311 

Babcock’s equation, 311 
chart, 316 
meter, 329 

Steam heater for water, 265 
Steam heating, 291-330 
central, 291-324 
district, 324 

Steam-heating systems, 291-330 
air-vent, 292 
atmospheric, 297 
classification of, 291 
condensate return pump, 295 
design of, 315 
dirt pockets, 325 

equivalent length of pipe run, 313 
gravity systems, 291 
one-pipe, 291 
two-pipe, 291 
mechanical, 295, 300 
orifice control, 298 
pipe sizes, 317 
pressure drops in, 311, 317 
sub-atmospheric, 302 
types of, 291 
vacuum, 302 
vapor, 296 
one-pipe, 297 
two-pipe, 297 
zone control, 638 
Steam-jet refrigeration, 505 
Steam tables, 17-20 
Steam traps, 280 
Steel boilers, 246 
data, 248, 250 

Steel-sash window infiltration, 98 
Stefan-Boltzmann law, 10 
Still air, 62 

Stoker size selection, 145 
•Stokers underfeed, 143 
Storage-type water heater, 265 
Stokers underfeed, 143 
Storage-type water heater, 265 
Storm sash, 73, 99 
Stratification of air, 73 
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Sub-atmospheric steam systems, 302 
Sulfur dioxide, 501-503 
Summer, air-conditioning apparatus 
559-580 

air temperatures, 71 
comfort zone, 63 

wind directions and velocities, 52G 
Sun effect on roofs, 530 
Superheated steam, 21 
specific heat of, 21 
total enthalpy of, 21 
Superheated vapor, 21, 37 
Surface, boiler heating, 23'. 
cooling, 514, 56s 
extended, 210, 472, 56« 
radiator heating, 202, 2(‘6-208 
Surface (ionductances for building ma¬ 
terials, 83 

Surfaces, cold and Iiot, effects of, 72 
Switches, mercury, 613 
Sylphon damper regulator, 262 
Symbols, 174, 648, 649 

Tank heaters, 265 
Tank regulator, 265, 615 
Tank-in-basement pressure system, 33() 
Tanks, expansion, 334, 338 
Tappings, boiler, 240, 243 
radiator, 222 

Tees, east-iron, 270, 271, 273, 276 
copper, 278 
Temperature, 4 
absolute, 5 

apparatus dew point, 54, 572, 576 

base for degree day, 118 

body, 66 

control of, 611 

dew-point, 25 

dry-bulb, 29 

effective, 62, 65 

inside surfaces, 81 

mean radiant, 363 

measurement of, 4 

of occupied spaces. 111 

records of cities, 108, 526 

register, 153 

room. 111, 528 

surface of man, 75, 364 

systems for control, 614-626, 638-643 

unheated spaces, 110 
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Temperature, wet-bulb, 29 
Temperature control, 611-646 
automatic, 611 
by-pass method 569 
economy of, 643 

Temperature corrections for fans, 417 
Teniperatc. •(* differential, hot-water 
heating, 347 

Temperature effect on fan performance, 
417, 128 

Temperature gradients, 73, 217, 220 
)f frame walls, 84 
in rooms, 217, 220 
Temperature range of water in hot- 
water heating, 347 

Temperature regulation, automatic, 
614-626 

Temperatures, air, of unheated spaces, 
110 

final in blast heaters, 476 
inside air, 11, 528 
mean, in blast heaters, 482 
outsid(^ air, 110, 526 
proper level of air, 112 
Tests, of boilers, 253 
of fans, 408 

of forced-circulation furnace, 158 
of piped furnace, 157 
of radiators, 212 

Thermal storage of building materials, 
102 

Thermo-equivalent conditions, 65 
Thermo-integrator, 76 
Thermometers, 4 
globe, 74 
hot-water, 262 

Kata, 74, 393 
mercurial, 4 

Thermostatic control of cooling and 
heating, 614 -626 
Thermostatic traps, 281 
Thermostats, 614 
compound, 624 
direct acting, 615 
electrical, 618 

gradual movement, 615, 620 
immersion, 622 
indirect acting, 615 
insertion, 622 
installation 630 
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Thermostats, motor control, 624, 636 
multiple, 624 
positive action, 615 
surface, 623 

Three-way pipeless furnace, 196 
Throw of air, 435 

Time relationship, heat flow, 541- 
544 

Ton of refrigeration, 500 
Total pressure, 394 
Towers, cooling, 512 
Transition flttings, 174, 180, 181, 190 
Traps, 280 
bucket, 280 
float, 280 
return, 299 

thermostatic, 280, 307 
Trunk line ducts, 425 
Tube, Bourdon, 261 
Tubing, copper, 267, 277 
dimensions, 279 
steel, 267, 277 
Tubular radiators, 201 
Turbulators, 481 

Turning vanes, in duct elbows, 423 
Two-pipe heating systems, gravity, 
steam, 291 

overhead down-feed hot-water, 332, 
333 

up-feed hot water, 331 
up-feed steam, 292, 300 

Ultimate analysis, 123 
Underground tunnel, 326 
Underwriter’s loop, 289 
Unheated spaces, air temperatures in, 

no 

Unions, 271 

Unit air conditioners, 563, 585 
Unit coolers, 561 
Unit heaters, 486-494 
air discharge from, 491 
control of, 493 
direct-fired, 488 
floor-type, 488 
location of, 492 
piping, 492 
rating of, 493 
selection of, 494 
types, 487 


Unit heaters, suspended type, 487 
Unit ventilators, 465 
Unwin’s formula, 312 
Up-feed heating systems, one-pipe hot- 
water, 331 
steam, 291-300 
two-pipe, hot-water, 332 
steam, 291-300 

Upward system of ventilation, 466 

Vacuum heating, variable, 302 
Vficiuim heating systems, 300 
air-line, 292 
differential, 302 
return-line, 302 
Vacuum pumps, 304 
Vacuum refrigeration, 505 
Valves, 272 
air, 308 
areas of, 314 

diaphragm and motor, 631 
equivalent length of, 313 
flanged, 274 
flow-control, 360 
gate, 272 
globe, 272 

graduated control, 297, 306 
materials of, 272 
motor operated, 631 
offset corner, 306 
pressure reducing, 281 
radiator, 306 
safety, 261 
water relief, 336 
Vanes, turning, 423 
Vapor, barrier 105 
water, 14 

latent heat of, 15 
mixture with air, 24 
calculation of, 26, 36 
pressure, 26, 35 
weight of saturated, 16 
Vapor heating systems, 296 
one-pipe, 297 
* pipe sizes, 317 
positive return 299 
two-pipe, 297 
Velocity, air, 393 

allowable, in ducts and flues of 
buildings, 426, 469 
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Velocity, allowable, in exhaust systems, 
439, 469 

chimney gases, 139 
corrections in ducts and heaters, 418 
482 

critical, of steam flow, 315 
measurement of air, 74, 393 
method of duct design, 426 
of flow in hot-water systems, 340, 342 I 
pressure, 394 ' 

wind, 107, 526 
Velocity diagrams, faiis, 402 
Velomeier, 399 
Vent line, 292 
Ventilating, fans, 400-405 

flues, 463 1 

systems, 466 
Ventilation, 1, 442 
air reeirculatioji, 469 
requirements, 444 
Ventilators, roof, 463 
unit, 465 

Vento heaters, 471 
Vents, air, 292, 308 
Viscous air filters, 449 
Volume, of air and saturated vapor, 
25-27, 30 33 
of direct radiators, 221 
of expansion tanks, 334, 338 
of saturated steam, 16, 17-20 
of water, 14 

Volumetric flue-gas analysis, 133 

Wall (walls), air leakage through, 96 
heat transmission coefficients, 89-92 
solar radiation on, 530 
time lag of heat transmission, 102 
Wall radiators, 205, 207 
assembly, 205 
ratings, 206, 207 
Wall stacks, 153, 177 
Warm-air furnace installation, 154 
Warm-air furnace systems, 153-199 
advantages of, 153 
applications and classifications, 153 
codes for, 150-162 
design of, 172, 181 
gas-fired, 164 
gravity, 153 
mechanical, 153 
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Warm-air furnace systems, piped, 154 
pipeless, 196 

Warm-air furnaces, cast-iron, 155 
steel, 156 

Warm-air pipes, sizes, 167, 177 
Warm-air registers, 169-172 
Wssh«*rs, ail. 458 
Water, 13 

boiling point, 13 
coinposilion of, 13 
cooling of, 511 
» ensity of, 14 
evaporaticii of, 13 
friction losses in pipes, 343 
hammer, 286 
pro pert it*s of, 14 
refrigeration, 505 

required for hot-water heating, 339 
specific volume of, 14 
specific weight of, 14 
thermal properties of, 14 
vapor refrig(‘ration, 505 
Water boilers, 236, 241 
column, 262 

Water cooling by spray, 511 
Water feeder, boiler, 263 
Water heaters, 263 
Water line, boiler, 243 
false, 294 

Water tube boiler, 238 
Watt, 3 

Weather Bureau records, 108 
air temperatures, 108 
wind, 108 

Weather stripping, 99 
Weight, of air, 12 
of insulation, 87 
of radiators, 221 
of steam, 16 
of vapor, 16 
of water, 14 

of water vapor to saturate air, 26 
Welded flanges, 272 
Welding pipe, 272 
Wet-bulb temperature, 29 
Wet return, 294 

Wind, directions and velocities, 107, 526 
effect on heat transmission, 85 
equivalent velocities, 94 
heating season, 107 



666 


INDEX 


Wind, velocity and air infiltration, 94,98 
Window, (windows), air leakage 
through, 95-98 
clearance of sash, 97 
comparison of shades for, 537 
cracks, 97 
solar radiation, 529 
storm sash, 99 
ventilation, 445, 463 
weather stripping, 99 
Winter, air-conditioning apparatus, 
581-609 

air humidification, 45-50 


Winter, air temperatures, 63 
comfort zone, 62 
relative humidity, 72 
wind directions and velocities, 108, 
526 

Wood stave, pipe conduit, 327 

Work, 3 

Zero, absolute temperature, 5 

Zone control of steam heating systems, 
638 

Zoning in summer air-conditioning sys¬ 
tems, 570 




